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ABSTRACT 
The nature of microbial antagonism towards Fusarium culmorum and Microdochium 
nivale, the primary pathogens implicated in Fusarium seedling blight of wheat, was assessed 
in laboratory, controlled environment chamber and semi-field experiments. Dual culture 
experiments, using five different agar media, suggested that three Trichoderma species, 
Gliocladium roseum, G. catenulatum, Idriella bolleyi and a Finnish fungal isolate, J76, were 
the most effective of the 30 microorganisms tested in inhibiting mycelial growth of F. culmorum 
and/or Mnivale. Seedling tests showed that isolates of Gliocladium roseum, G. catenulatum 
and J76 were the most promising fungi in reducing Fusarium seedling blight on wheat plants. 
Isolates of these three fungi significantly reduced pre-emergence and post-emergence seedling 
death and disease severity, measured as the degree of stem base browning. 
In vitro, Groseum and G. catenulatum culture filtrates were highly inhibitory to mycelial 
growth of F. culmorum and Mnivale and also reduced germination of pathogen spores by 
approximately 90%. Culture filtrates of J76 partially inhibited F. culmorum and M. nivale spore 
germination but had no effect on mycelial growth. Thin layer chromatography (TLC) of a 
G. roseum culture extract showed nine UV-visible bands of which four displayed antibiotic 
activity towards F. culmorum. A G. catenulatum culture filtrate produced six UV-visible bands 
of which two significantly inhibited F. culmorum mycelial growth. Volatile antibiotics inhibitory 
towards M. nivale in vitro were produced by isolates of G. roseum, G. catenulatum and J76. 
A scanning electron microscope (SEM) study showed that isolates of G. roseum, 
G. catenulatum and J76 were necrotrophic mycoparasites of F. culmorum and M. nivale, killing 
host cells by direct hyphal contact and causing localised disintegration of the host, probably by 
enzymatic attack. 
11 
A controlled environment experiment which investigated activity of antagonist isolates 
at low temperatures (6-12°C) indicated that J76 and G. catenulatum were most effective in 
reducing seedling disease symptoms at temperatures of 8°C and above; at 6°C, activity of all 
biological control agents was reduced. 
In an outdoor experiment, biological control treatments were all effective in controlling 
pre-emergence death and reducing post-emergence damping-off of wheat seedlings caused by 
artificial infections of either F. culmorum orMnivale. J76 and G. roseum (isolate IlVII 040222) 
reduced pre-emergence death caused byF. culmorum by 70%; G. catenulatum and G. roseum 
(isolate PLI) caused a reduction of 50%. Against Mnivale, all biological seed treatments 
reduced pre-emergence death by approximately 40% and control was comparable with that of 
the chemical seed treatments, Baytan (ai. fuberidazole/triadimenol) and Beret (ai. fludioxonil). 
None of the seed treatments tested appeared to reduce Fusarium foot rot assessed at harvest, 
but yield increases over the inoculated control treatments were observed with the best 
biological seed treatments which gave yields equivalent to the two chemical seed treatments. 
It was suggested that Fusarium seedling disease could be controlled in the field by the 
selected fungal isolates through antibiosis and mycoparasitism. The results of the research are 
discussed in the context of the development of practical field control of Fusarium seedling 
blight using fungal antagonists as seed treatments. 
111 
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CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW 
1.1 BIOLOGICAL CONTROL 
1.1.1 What is biological control? 
The term "biological control" is open to various different definitions and interpretations 
and some disagreement exists about what the term covers. According to DeBach (1964) 
biological control was "the action of predators, parasites, or pathogens in maintaining another 
organism's population density at a lower average than would occur in their absence. " This 
definition related specifically to insect pests and weeds and is not sufficiently broad to cover 
plant pathogens. Within the field of plant pathology debate exists over the various concepts 
which constitute biological control. Baker and Cook (1974) defined biological control as "the 
reduction of inoculum density or disease producing activities of a pathogen or parasite in its 
active or dormant state, by one or more organisms, accomplished naturally or through 
manipulation of the environment, host, or antagonist, or by mass introduction of one or more 
antagonists. " This describes biological control in its broadest sense. It includes cultural 
measures such as crop rotation and close spacing of crop plants to discourage growth of weeds, 
plant breeding for disease resistance (i. e. genetic manipulation of the higher-plant host) and 
excludes only some cases of chemical control. A definition which delimits the scope of 
biological control but covers both pests and pathogens of plants, is proposed by Deacon (1983) 
and is based on Garrett (1970). `Biological control is the practice by which, or process 
whereby, the undesirable effects of an organism are reduced through the agency of another 
organism that is not the host plant, the pest or pathogen, or man. " Biological control is, in other 
words, mediated by a "third party", in the case of microbial control by a microorganism(s). 
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1.1.2 Historical background of the biological control of soil- and seed-borne 
plant diseases 
A growing interest in biological control of plant pathogens became apparent in the 
1920's with the publication of a number of papers relating to the control of plant disease by 
antagonistic fungi, actinomycetes or general soil microflora. 
In 1921 Hartley published a set of experiments which suggested, for the first time, that 
non-pathogenic microorganisms could be used in the control of a soil-borne plant 'disease. 
Antagonistic fungi, isolated from soil, were inoculated in forest nursery soils to control Pythium 
debrnyamrm, causal agent of damping-off in pine seedlings. Although the reliability of Hartley's 
results has been questioned - his soil sterilisation methods caused toxicity problems, and growth 
improvements were observed in the absence of the pathogen - his experiments are recognised 
as the first attempt to use antagonistic microorganisms, artificially introduced into soil, to 
control a plant pathogen. 
Sanford (1926) and Millard and Taylor (1927) both demonstrated that control of potato 
common scab (caused by Streptomyces scabies) was related to the activity of antagonistic 
microorganisms which were encouraged by green manures. Sanford used bacteria, isolated 
from soil, to investigate the control of S. scabies and concluded that the inhibition of scab was 
due largely to an increased acidity in the soil caused by bacteria such as Bacillus 
(=Pseudomonas) fluorescens. He also observed, however, that some bacterial species which 
inhibited S. scabies, did not appear to produce acid and suggested "that the antibiotic qualities 
of certain predominant soil micro-organisms influence the development of Actinomyces 
(=Streptomyces) scabies. " Millard and Taylor (1927) isolated Actinomycespraecox from soil 
that had been treated with green manures and showed that inoculation of A. praecox back into 
infested soil could control potato common scab. 
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Control of fungal root diseases of cereals by inhibitory microorganisms was demonstrated 
in the early 1930's. In a note by Sanford and Broadfoot, published in the March 1931 issue of 
Scientific Agriculture, on "The biological control in the root rots of cereals" the term 
"biological control" was used for the first time in plant pathology. In 1931, A. W. Henry 
showed that the percentage of wheat plants with foot rot was much higher in sterilised soil 
inoculated with Helminthosporium sativum or Fusarium graminearum than in non-sterilised 
inoculated soil. The addition of a trace of non sterilised to sterilised, pathogen-inoculated soil 
in pots decreased the degree of infection of wheat seedlings by H. sativum from 47.6% to 7.8%. 
Henry demonstrated that the inhibitory action of soil fungi towards the two foot rot pathogens 
was considerably more effective than that of bacterial and actinomycete species. Sterilised soil 
infested with H. sativum and inoculated with a combination of all three groups of organisms 
(i. e. fungi, bacteria and actinomycetes) however, produced the most marked effect with only 
2.8% of seedlings infected. This was the first successful transfer of a total antagonistic soil 
microflora to produce a suppressive soil. Sanford and Broadfoot (1931b) observed a 
"suppressive effect" on the pathogenicity of Gaeumannomyces graminis var. tritici. A wide 
range of common soil fungi and bacteria controlled the take-all disease of wheat when 
introduced individually with the pathogen into previously sterilised soil. Culture filtrates of 
some of these microorganisms also decreased infection to a certain extent. 
A series of papers by Weindling, published between 1932 and 1941 describe classical 
work on the parasitism of Trichoderma lignortim on several soil fungi. Weindling (1932) 
reported that inhibition and death of hyphae of Rhizoctonia solani in culture were caused by 
the coiling of T. lignorum around aerial host hyphae and by action at a distance in submerged 
hyphae. In 1936 Weindling and Emerson described the production of gliotoxin by some strains 
of T. viride; this metabolite was shown to have powerful antibacterial and antifungal properties. 
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Workers in the 1920s and 1930s therefore, demonstrated the control of fungal, bacterial 
and viral diseases of seedlings and of mature crops and many of the ideas and mechanisms of 
action proposed by them are at the centre of biological control research more than 70 years 
later. In the 1920s and 1930s biological control was a scientific curiosity but today it has 
important economic possibilities. In the 1960s some of the first biological control products 
were developed on a commercial basis. 
In 1963 Rishbeth reported the control of Heterobasidion (Fomes) annosus, the cause 
of pine-rot in coniferous trees, by the use of Peniophora (Phlebia) gigantea. Rishbeth observed 
that P. gigantea naturally colonised pine stumps and gave protection against air-borne infection 
by F. annosum. When established in the stump, P. gigantea restricted the spread of the 
pathogen, a poor competitor, from existing areas of infection so that it could not colonize other 
roots or grow up to the stump surface and sporulate. This antagonist was developed and 
became one of the first commercially available biological control agents; it is used routinely on 
pines in Britain. 
Interest in biological control reached such a level that the first international conference 
on the use of biological control agents for plant diseases was organised in the USA in 1963 
(Baker and Snyder, 1965). More commercial products were developed, many of which were 
based on the fungus Trichoderma, which is now the most widely used control agent, with 
different species and strains available for the control of a number of diseases. In the last 15 
years, biological control has attracted extensive research in many parts of the world, with 
funding provided by government agencies and commercial firms. 
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1.1.3 Recent interest in biological control 
Over the last 50 years the use of intensive and continuous crop cultivation has become 
general practice in Western agriculture. The development and use of chemicals to control plant 
diseases has allowed the massive increase in food production since World War II but this has 
been paralleled, or even exceeded, by the rise in world population (Powell, 1992). This great 
reliance on the use of agrochemicals has resulted in various problems associated with their use. 
Public concern about the environmental impact and safety of chemical pesticides has increased 
in recent years. Some of the early compounds were potent toxins, which persisted in the 
environment, accumulated in food chains and were shown to have long-term effects on non- 
target organisms. Modern pesticides have to pass very stringent safety tests and the cost of 
producing and registering new compounds has risen. The development of fungicide-resistant 
pathogen strains has become a problem throughout the world (Dekker and Georgopoulos, 
1982). New compounds are becoming increasingly difficult and more expensive to find 
(Campbell, 1989a) and there is still a considerable number of diseases for which no effective 
chemical control has been found. 
Biological control is now being considered seriously as a possible alternative to 
chemical pesticides. Cook and Baker (1983) summarize four advantages of biological control; 
(i) the increase of crop production within existing resources, (ii) the avoidance of the 
development of pathogen resistance, (iii) the maintenance of relatively pollution and risk-free 
control and (iv) the use of a practice which would be compatible with sustainable agriculture. 
Currently however, biological control is not the answer to all plant diseases and 
relatively few biological control agents are available commercially. In 1993 only six microbial 
biological control agents were registered in the USA for use against plant diseases (Cook, 
1993; Table 1.1). 
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Table 1.1. Biological control agents registered in the USA for use against plant diseases in 
1993 (after Cook, 1993). 
Microorganism Tradename Disease Reference 
Agrobacterium Crown-gall Kerr, 1980 
radiobacter, K84 
Pseudomonas fluorescens Dagger G Rhizoctonia & Pythium Lynch, 1988 
damping-off of cotton 
Gliocladium virens Gliogard Seedling diseases of Lumsden & 
ornamental and bedding Walter, 1993 
plants 
Trichoderma harzianum F-stop Harman et aL, 
1991 
Trichoderma harzianum BINAB T Wood decay Ricard, 1981 
& T. polysporum 
Bacillus subtilis Kodiak Seed treatment Gustafson Inc., 
USA 
Efficacy of biological control agents is affected by different crop environments and 
often the level of disease control is not comparable with that achieved by the use of chemicals. 
Biological control agents must meet the registration and safety requirements imposed on 
pesticides and this may cause particular problems when such agents have been subjected to 
genetic manipulation. The future of safe and effective plant disease control may, therefore, be 
by careful integration of chemical, biological and cultural approaches. 
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1.1.4 Mechanisms of antagonism of biological control agents 
The three major forms of antagonism by which biological control agents suppress plant 
disease have been generally recognised as competition, antibiosis and mycoparasitism. 
The term competition describes an interaction between microorganisms, both of which 
need a limited resource, such as oxygen, nutrients or space. This is an example of an indirect 
detrimental effect of one organism upon another, the successful microorganism being able to 
utilise the resource more rapidly or more efficiently. Competition was probably the mechanism 
by which potato scab (caused by' Actinomyces (Streptomyces) scabies was inhibited by 
Actinomycespraecox (Millard and Taylor, 1927). Millard and Taylor (1927) suggested that the 
inhibitory effect of A. praecox on A. scabies was not the result of an unfavourable soil reaction 
but was probably caused by a starving out of the weaker organism in competition for the 
available food supply. Under field conditions Millard and Taylor (1927) noted that the 
beneficial effect of green manuring on scab was due to a similar competitive action and that, 
in this reaction, bacteria, as well as A. praecox, may have played a part. 
Antibiosis is the inhibition of one organism by a metabolite of another. There are many 
reports of antibiosis in vitro but evidence for antibiotic production in the natural environment 
has proved difficult to demonstrate. Tyner (1966) showed that extracts ofAspergillus niger, 
Trichoderma viride, Gliocladium roseum and A. tenuis inhibited growth of Cochliobohis 
sativus. Tyner concluded that antibiotic compounds may be produced regularly by most soil 
fungi and suggested that some form of mild mutual antagonism would be of benefit, if the fungi 
were to live in close association. Jackson (1965) stated that "antibiosis, in one form or another, 
plays a key role in the ecology of soil microorganisms. " 
Mycoparasites are fungi, which are parasitic on other fungi. The mycoparasite may 
penetrate and grow within the host mycelium or it may coil around host hyphae; the production 
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of cell wall degrading enzymes by the mycoparasite is often associated with this mode of 
antagonism. Ikediugwu and Webster (1970) investigated the antagonism between Coprinus 
heptemerus and other coprophilous fungi. They observed that hyphal interference by 
C. heptemerus caused suppression of fruiting of Pilobohis crystallinus and Ascobolus 
cremilatus. This, they ascribed, to a hyphal-interference factor which caused a drastic alteration 
to the permeability of the cell membrane resulting in the death of the cell. Ikediugwu and 
Webster (1970), however, failed to obtain any alteration of cell membrane permeability with 
extracts of culture solution and mycelium from C. heptemerus or, in experiments which tested 
for volatile substances. They concluded that the interference factor produced by C. heptemerus 
may have been ethylene gas. It was also suggested that material released from the affected cell 
may be rich in nutrients beneficial to the antagonist. The hyphal coiling of C. heptemerus around 
P. crystallinus was further evidence of a mycoparasitic mechanism. 
The biological control of soil- and seed-borne plant pathogens by introduced 
microorganisms has been studied for over 70 years. In the last 30 years, research in the area has 
increased and, with growing environmental concerns over the use of chemicals for disease 
control, there has been a shift to the opinion that biological control could play an important role 
in agriculture of the future. 
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1.2 FUSARIUM DISEASES OF CEREALS 
1.2.1 The genus Fusarium 
The genus Frisarium was first described by Link in 1809 for species with fusiform, 
nonseptate spores borne on a stroma and was based on Firsarium roseum (Booth, 1971). In 
1821 Fries validated the genus and included it in the family Tuberculariaceae. With the 
development of pure culture techniques for Fusarium identification, the presence of fusoid 
macroconidia with a foot cell bearing some type of heel became accepted as the most definite 
character of the genus. The presence of this foot cell allows discrimination between Fusarium 
and the morphologically similar genus, Cylindrocarpon. 
Many different classification systems have been proposed for the genus Fusarium, with 
very different species concepts and consequently, different species names being used. Studies 
on the taxonomy of Fusarium started in about 1910, with the work of Wollenweber. He 
produced a very complex system, with over 140 taxa, which plant pathologists found difficult 
to apply in practice. In the early 1940's Snyder and Hansen, proposed a simpler system with 
only 9 species, distinguished according to the shape of macroconidia and the presence or 
absence of microconidia and chlamydospores. This is now regarded as an oversimplification 
and an approach, intermediate between that of Wollenweber and Snyder and Hansen, is now 
widely accepted (Booth, 1971; Nelson et al., 1983). Perithecial states, where known, belong 
to the Hypocreales of the Ascomycotina. 
Fusarium nivale was reclassified by Mueller (1977) and transferred to the genus 
Microdochium (teleomorph = Monographella nivalis). Microdochium nivale occurs in two 
varieties, distinguished on the basis of conidial morphology. M. nivale var nivale has mainly 
monoseptate conidia whereas isolates with broader triseptate conidia are given the name 
Mnivale var majus. There is some evidence (Gams, 1989) to suggest that M. nivale var majus 
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is more pathogenic to wheat than Mnivale var nivale. 
Table 1.2. Fusarium Species Causing Disease in Cereals 
Imperfect (Conidial) State (Anamorph) Perfect (Perethecial) State (Teleomorph) 
Fusarium avenaceum (Corda ex Fr. )Sacc. 
Fusarium culmorum (W. G. Smith)Sacc. 
Fusarium graminearum Schwabe 
Fusarium poae (Peck) Wollenweber 
Microdochium nivale Samuels + Hallet 
= Gerlachia nivalis (Ces. ) Gams + Muller 
= Fusarium nivale (Fr. ) Ces. 
Gibberella avenacea Cook 
Not known 
Gibberella zeae (Schw. ) Petch 
Not known 
Monographella nivalis (Schaffnit) Muller 
=Micronectriella nivalis (Schaffnit) Booth 
= Calonectria nivalis Schaffinit 
= Griphosphaeria nivalis (Schaffhit) Muller 
+ Arx. 
= Calonectria graminicola Wollenweber 
The genus Fusarium has a very wide geographical distribution, ranging from Arctic 
tundra to tropical rainforests. Some species are almost ubiquitous, others have a more limited 
distribution, occurring in temperate regions or the (sub) tropics. Fusarium species are common 
in soil, occur sometimes in fresh water and are found on a very wide range of plants. They may 
colonise the roots, stems or leaves, cause serious plant disease and, as major storage rots they 
often produce toxins, which contaminate human and animal food. Diseases caused by Fusarium 
species, include serious wilts, such as Panama disease of bananas caused by F. oxysporum f. sp. 
czibense, a vascular wilt pathogen with a limited host range (Armstrong and Armstrong, 1948), 
cankers of hardwood trees caused by strains of F. solani (Hocking, 1968; Brown, 1964) and 
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diseases of Gramineae such as pokkah-boeng of sugar cane and bakanae disease of rice. 
Fusarium diseases of cereals can occur at all stages of crop development and are usually 
categorised as Fusarium seedling blight, Fusarium foot rot and Fusarium ear blight (Figure 
1.1 [Disease cycle]). 
1.2.2 Fusarium seedling blight 
Firsarium avenaceum, F. culmorum, Fgraminearum and Microdochium nivale can all 
cause pre-emergence and post-emergence damping-off of cereals (Fusarium seedling blight). 
Symptoms of Fusarium seedling blight are varied, ranging from non-germination of seed, non- 
emergence and death of seedlings, to superficial brown stem lesions and reduced tillering 
(Millar and Colhoun, 1969a). Colhoun and Park (1964) reported that F. culmorum and 
F. grcnninearum caused pre-emergence death of the coleoptile, often just before emergence and 
also post-emergence death, under favourable conditions, about 14 days after sowing. These 
two species, together with F. avenaceum, could cause brown lesions to form at the base of 
plants without killing them. F. avenaceum caused little pre-emergence or post-emergence death 
of seedlings and was regarded as a much less virulent pathogen. Similar symptoms are caused 
byMicrodochium nivale. Millar and Colhoun (1969a) stated that infected seedlings developed 
brown lesions on their roots, coleoptiles and leaves and produced few tillers early in the season. 
Artificial inoculation of seed with M. nivale resulted in severe pre-emergence death (up to 
80%), often soon after germination of the seed. Later symptoms included browning of the 
coleoptile, which was usually deformed, and the first leaf could be attacked so that it lay on the 
soil surface. Lens shaped, auburn-coloured lesions were also observed on the first and second 
leaves of infected plants (Noble and Montgomerie, 1956; Millar and Colhoun, 1969a). 
A reduction in seedling number, caused by Fusarium seedling blight, can result in 
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decreased grain yield. A small decrease in the number of established plants may be compensated 
for by increased tillering; compensation for large reductions in plant number however is 
unlikely. Yield reductions of up to 40% (Humphreys et al., 1995) and 45% (Noon and Jackson, 
1992) have been recorded following severe seedling blight. 
1.2.2.1 Sources of inoculum 
From his work on Fiisarium graminearum on wheat, Dickson (1923) concluded that 
seedling blight developed from both infected seed and infested soil. Severe seedling disease is 
linked to a high inoculum density (Millar and Colhoun, 1969b) and this is more likely to be 
derived from a seed than from a soil source. High levels of inoculum on seed occur only 
erratically and soil borne inoculum may provide a more consistent source of infection to initiate 
diseases in seedlings and, subsequently, on other parts of the older plant. 
Soil-borne inoculum 
All the pathogens which cause Fusarium seedling blight can survive in the soil although 
their manners of survival may differ. 
A study carried out by Snyder and Nash at Rothamsted, in 1968, compared saprophytic 
and parasitic Fusarium species in fields, where only cereals or only broad-leaved crops had 
been grown for approximately 100 years and also in long-term pasture and woodland. 
Isolations from diseased plants showed that all the known pathogens of wheat and barley were 
present, but F. graminearum. F. culmorum and Mnivale were the dominant pathogens; 
F. avenacezim was recovered relatively often and F. tricintzim (probably = F. poae), only 
occasionally. Isolations from soil showed that, in cereal soils, F. culmorum was the dominant 
pathogen with 2000-3000 propagules/g soil but this species was not recovered from woodland 
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or from fields in continuous root crops. F.. avenaceum and F. tricintum (=F. poae) were rarely 
recovered from soil and M. nivale was not recovered from any soil. The relative proportions 
of Fusarium species recovered from soil as seen in Snyder and Nash's experiments, can be 
explained by the ability of the species to form resting spores. Only F. culmorum readily forms 
chlamydospores, which are thick walled and can be long-lived in soil. F. graminearum, which 
is not very common in cereals in the U. K., can also form chlamydospores but these are short- 
lived (Cook, 1981). F. avenaceum rarely produces true chlamydospores but it does form a type 
of resting spore, within the macroconidia and mycelium, which enables the fungus to survive 
in soil for up to 18 months (Hargreaves and Fox, 1977,1978). Mnivale does not form 
chlamydospores (Booth, 1971). 
The Fusarium pathogens can survive in plant debris and residues. From his work on the 
succession of fungi colonizing buried wheat straw, Sadasivan (1939) concluded that 
F. culmorum was an aggressive saprophyte of straw in which it could survive in the soil. Walker 
(1941) confirmed Sadasivan's conclusions that F. culmorum was an important primary colonizer 
of buried wheat straw in a range of cultivated soils but he found no evidence to support 
Sadasivan's findings that the relative colonizing activity of F. culmorum varied with the season. 
Booth and Taylor (1976) observed that F. culmorum did not extend over or through soil by 
mycelial growth but sporulated profusely on the seed/straw inocula used. 
Rawlinson and Colhoun (1969) were unable, as were Snyder and Nash, to isolate 
Microdochium nivale directly from soil but they did succeed in detecting the species with the 
use of bait plants. The pathogen was isolated in this way from soil on which cereals had not 
been grown for at least 15 years. It was suggested that the fungus may have existed on dead 
grasses which were infected or may have been introduced on infected straw in farmyard 
manure. Booth and Taylor (1976) showed Xf nivak to be a natural contaminant of the soil used 
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in their experiments. M. nivale, unlike F. culmorum, grew over the surface of non-sterile soil 
from agar disc and wheat seed inocula. Mycelium ofM. nivale spreading through soil, colonized 
sterile wheat straws placed near the inoculum, but not those placed 10cm away. Al-Hashimi 
and Perry (1986) also found that M. nivale grew through field soil from a food base to infect 
barley seedlings but the fungus failed to colonize sterilized barley straws in infested soil or to 
persist in colonized straws in field soil. They concluded that Mnivale was a weak saprophytic 
competitor and only likely to survive in straw that had been colonized in the parasitic phase. 
Seed-borne infection 
Seed-borne Fusarium species are responsible for seedling blight of small grain species 
worldwide (Arsenuik et al., 1991). Duthie et al. (1986) surveyed the incidence of Fusarium 
species infesting and infecting winter wheat seed from eastern Canada. They isolated 14 species 
of Fusarium from 153 samples collected in 1983 and 1984 and their results suggested that the 
frequency and distribution of species were influenced by geographical location, by the growing 
conditions and by the seed source. 
The effect of geographical location on the incidence of Firsariiim species is confirmed 
by surveys of seed carried out in different countries. In a survey of oat seed in the U. K., during 
two seasons (1951-1953), Noble and Montgomerie (1956) found that a large majority of 
samples had at least 10% infection by Fusarium species and that Microdochium nivale was the 
species which occurred most frequently. F. czilmorum, F. graminearum and M. nivale were 
recovered from wheat samples in a survey carried out in Germany: the most prevalent species 
was F. graminearum and samples were shown to have up to 17% infection (Michail, 1989). 
Uoti and Ylimaki (1974) isolated 17 species of Fusarium from 1586 samples of cereal grain 
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produced in Finland during the years 1966-1968 and in 1972. The most commonly occurring 
species were F. avenaceum, F. culmorum, F. poae and F. tricinctum. 
An extensive five year survey (1959-1963) conducted in the U. K. by Hewett (1967) 
showed that average seed infection by F. culmorum, F. avenaceum and F. poae was 0.3%, 1-2% 
and 1-1.5% respectively. Hewett (1983) suggested that the incidence of Mnivale had increased 
since the 1959 survey. Samples intended for seed were then found to have an average infection 
of 0.3%, with only occasional samples having more than 5% seeds infected. The 1963 harvest 
was exceptional, however, with the average infection in one variety, Cappelle Desprez, much 
higher, at 5.3%. Samples from the 1969 and 1970 harvests had M. nivale infection of 1-2%. 
18% infection was reported in 1980, an epidemic year for seed-borne infection byMnivale. 
In a survey of seed-borne pathogens in cereal seed in Britain, between 1992 and 1994, 
Cockerell and Rennie (1996) reported that in 1992 and 1993,99% of seed samples had some 
M. nivale infection, whereas 68% were infected in 1994. Infection above 20% was recorded in 
more than 40% of certified seed samples in 1992/1993 but only 2% of samples had this level 
in 1994. It was suggested that a significant number of samples were infected with M. nivale at 
levels that would have affected seedling establishment if the seed had been sown untreated 
(Cockerell and Rennie, 1996). Hewett (1983) stated that M. nivale should be classed as a 
"frequent, if still erratic, seedborne hazard. " 
The incidence and degree of seed infection are influenced by a number of factors, 
including the climatic conditions during the growing season. Hewett (1967) reported that high 
incidence of seed infection by F. avenaceum and F. culmorum was associated with high rainfall 
during seed development. The incidence of seed-borne M. nivale varies from year to year but 
Rennie and Cockerell (1993) observed that it tended to be higher when there was rainfall soon 
after flowering. Hyde (1950) suggested that the degree of infection of seed was dependent on 
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the atmospheric humidity during the ripening of the grain: the higher the relative humidity, the 
higher the amount of subepidermal mycelium in wheat grain. Daamen et al. (1991) reported 
that seed contamination by Fusarium species was positively correlated with the cumulative 
precipitation during the months June, July and August. They suggested that late ear infection 
and disease development would be stimulated directly by wet conditions and also that crop 
ripening would be delayed, thus facilitating continued infection of the seed. 
There is a relatively rapid decline in the viability of natural seed infections of Fusarium 
species. Hewett (1967) reported that after a year's storage, F. culmorum and F. poae seed 
infection decreased, from 84% and 95% respectively to zero. F. avenacezim displayed a more 
rapid reduction, falling from 89% to zero after only 17 weeks storage. Christensen (1963) 
concluded that, in general, Fusarium species, particularly F. graminearum, did not persist long 
in barley kernels. He showed that the longevity of Firsarium species in the kernel depended on 
the source of seed, the species involved and possibly the amount of initial infection. In some 
seed lots, Fusarium could not be isolated after 20 months storage, whereas others yielded 
Fusarium after 2 or 3 years. 
Seed infection may arise from fungal spores or mycelium present on the outside of the 
developing grain. Hyde and Galleymore (1951) showed that spores of Fusarium species 
commonly occurred on the outside of grain, particularly in the beard region. After surface 
sterilisation of grain to remove surface spores, Fusarium species were isolated from 1.9% of 
wheat seed. Microscopic examination of seed revealed extracellular septate hyphae forming a 
network on the inner surface of the epidermis. Microdochium nivale was isolated by Bateman 
(1983) from the epidermis, the pericarp and testa, the endosperm and the embryo of infected 
wheat seed. Although the fungus was distributed throughout the seed, it was most commonly 
recovered from the outer tissue: the epidermis, pericarp and testa. 
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Dickson (1923) suggested that, with favourable environmental factors, the extent of 
blighting and injury from seedling blight was directly proportional to the amount of seed 
infestation. Malalasekera and Colhoun (1969) developed a method to determine the extent to 
which wheat seeds are contaminated by F. culmorum. The results from experiments indicated 
that, for seed samples sown under conditions favourable for infection, the incidence of seedling 
disease was correlated to the extent of infection of the seed lot. In a trial conducted in 1991, 
by Rennie and Cockerell (1993), untreated seed with 60% seed-borne M. nivale, gave 
approximately 20% seedling emergence compared with 80% emergence for untreated seed with 
2% infection. Scheinpflug and Duben (1988) stated "the use of seed which is heavily infected 
is to be avoided at all costs. " 
1.2.2.2 Environmental factors affecting severity of Fusarium seedling 
blight 
Soil moisture, temperature and the amount of seed inoculum (spore load) are factors 
which interact to affect the potential for infection (Colhoun et al., 1968). Colhoun and Park 
(1964) conducted a range of glasshouse experiments to investigate the effects of soil moisture 
and temperature on seedling infection. Pre-emergence death of seedlings caused by F. culmorum 
and F. grmninearum was most severe in dry soils and increased with increasing temperature (in 
the range 8-23 °C); severe post-emergence death was also associated with dry soils. The effect 
of soil moisture was also demonstrated by Cassell and Hering (1982), who observed that, under 
glasshouse conditions, Fusarium culmorum caused more injury to wheat seedlings at 33% 
saturation (approximately -lbar) than at 66% saturation (-0. lbar). The importance of the 
amount of inoculum was stressed by Colhoun et at (1968). For F. culmorzim on wheat, there 
was little pre-emergence or post-emergence death or stem lesion development, at any 
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temperature or soil moisture, until the spore load reached fairly high levels (e. g. at least 10; 
spores/25g seed). High amounts of inoculum on seed permitted very severe attacks on 
seedlings to occur under a wider range of environmental conditions than when the spore loads 
were lower. 
F. avenaceum was influenced by soil conditions in much the same way as F. culmorum 
but it was regarded as a much weaker pathogen. Lesions developed on stems under a range of 
conditions but seedling death only occurred when spore loads were high (at least 2x 106 
spores/25g seed) and under favourable conditions of soil moisture and temperature (Colhoun 
and Park, 1964). 
Epidemiological studies of Microdochium nivale carried out by Millar and Colhoun 
(1969b), showed that disease incidence was greatest in cold, dry soil conditions; in dry soils 
there was more disease at 6.1 'C than at other temperatures up to 16.4 ° C. High spore load 
increased disease incidence but a very low spore load gave considerable disease when the soil 
was dry. Deep sowing and low soil pH also resulted in more disease. 
Dickson (1923) concluded that soil temperatures of less than 12°C during germination 
prevented Fusarium graminearum attacking wheat seedlings, whereas higher temperatures 
favoured disease. He also stated that disease incidence was higher in drier soils even at low 
temperatures. Bennett (1931), however, demonstrated that infection of wheat seedlings by 
F. graminearum did occur at temperatures below 10°C and that such infection occurred during 
winter in both wet and dry soils. 
Rawlinson (1971) reported that several species of Fzrsarium were more aggressive to 
oat seedlings when environmental conditions were adverse, e. g. freezing, though not through 
the invasion of tissues damaged by frost. Perry (1982) also noted that M. nivale was more 
pathogenic to spring barley when there were short periods of freezing before the seedlings 
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emerged. 
Environmental conditions after sowing are very important in determining the extent of 
disease expression (Noon and Jackson, 1992). Colhoun and Park (1964) and Colhoun et al. 
(1968) considered that seedlings in wetter soils, compared with those in drier soils, tended to 
escape severe infection because, with a sufficient water supply, they were able to develop more 
rapidly. Work by Malalasekera and Colhoun (1968) supported this idea. They showed that 
soaking seed for 3 hours prior to sowing reduced the amount of disease compared with seeds 
which were not soaked or which were soaked for more than 12 hours. The 3-hour soaking 
increased seedling vigour and the seedlings escaped infection and especially, pre-emergence 
death. The conclusion of Malalasekera and Colhoun (1968) agreed with a general suggestion 
made by Leach (1947) that seedling disease under varying conditions is determined by the 
relative growth rates of host and pathogen. 
1.2.3 Fusarium foot rot 
Foot rots of cereals can be caused by several Fusarium species, including F. culmorum, 
F. graminearum, F. avenaceum and also byMicrodochium nivale. Symptoms of Fusarium foot 
rot occur on the stem base and are characterized by a brown discolouration or striping on the 
outer leaf sheafs and occasionally, a wilting of the plant; a pink coloured spore mass may form 
on the lowest internode. Severe cases of stem rot occur rarely but may result in premature 
death of the tiller and the formation of a "Whitehead", a bleached dead ear occurring at random 
in an otherwise green crop. Microdochiirm nivale can also cause snow mould, a cereal disease 
which is widespread and often damaging in areas where crops are covered in snow during 
winter (eg. North Europe). Leaves, and in severe attacks, crowns are killed; diseased tissues 
are usually covered by grey or pink-coloured mycelium. 
21 
The ability of Fusarium species to cause damage appears to be dependent on 
environmental factors such as water stress, temperature and inoculum potential. Cook (1980) 
stated that the occurrence of foot rot caused by a particular Fusarium species was correlated 
with the temperature and water potential most appropriate for mycelial growth of the fungus. 
Cook and Christen (1976) demonstrated that Fusarium graminearum and F. culmorum required 
progressively drier conditions on osmotically-adjusted agar media for maximal growth when 
the incubation temperature was raised from 10°C to 35°C. The responses of the pathogens 
matched their ecological distribution: F. graminearum and F. culmorum cause foot rot of wheat 
in hot dry soils with F. graminearum being associated with slightly hotter and drier soils than 
F. culmorum. Cook (1980) emphasized the critical nature played by water stress in foot rot 
development: severe foot rot is initiated when plant water potentials are approximately -32 to 
-35 bars at the beginning of heading. Plants with water potentials between -15 and -25 bars 
(average level) may become infected but do not develop severe foot rots. Colhoun (1970) 
noted that seedlings with lesions caused by F. culmorum orM. nivale did not develop foot rots 
later unless the air humidity at the base of the plant was high, irrespective of whether the soil 
was wet or dry. 
Cereal foot rots often occur as a complex of several diseases. Glasshouse experiments 
by Hoare (1987) indicated that F. czrlmorum, in combination with the take-all fungus, 
Gaeumannomyces graminis, caused significantly more stem base damage to plants than 
G. graminis alone. However, in combination with Pseudocercosporella herpotrichoides 
(eyespot) and Rhi: octonia cerealis (sharp eyespot), F. czrlmorum did not cause any additional 
damage. Parry (1987) suggested that infection by F. culmorum was enhanced by the presence 
of P. herpotrichoides. When field plots of winter wheat were inoculated with F. culmorum and 
P. herpotrichoides singly, and in combination, the proportion of plants infected with 
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F. culmorum increased from 60% in plants inoculated with F. cuulmorzim alone, to 90% in plots 
inoculated with both fungi. 
Cook (1980) observed that in the Pacific North-West of America the primary source 
of Fusarium foot rot inoculum was soil-borne chlamydospores of F. culmorum and 
F. graminearum and infested plant debris. Duthie and Hall (1987) found that infection of wheat 
stem bases by F. grcrminecmim was directly related to the incidence of seed infection at planting. 
The efficiency of transmission of the pathogen from seed to stem ranged from 55 to 94%. 
Daamen et al. (1991) observed that foot rot intensity was positively, but not significantly, 
correlated with the average percentage seed infection. They suggested that foot rot is caused . 
partly by contaminated seed, despite the common use of disinfected seed. 
1.2.4 Fusarium ear blight 
Fusarium avenaceum, F. culmorum, F. graminearum, F. poae and Microdochium nivale 
can all occur on the ears of cereals to produce ear blight (Scott and Benedikz, 1987). Early 
symptoms of ear infection in wheat are small, brown, water soaked spots on the outer glumes. 
The infection may remain limited to the Blume but under favourable conditions, florets, or more 
usually the whole spikelet, may become infected. Affected tissues lose their chlorophyll, taking 
on a bleached appearance; pinkish discolouration due to the sporulating fungus may also occur. 
The relative importance of each of the species responsible for Fusarium ear blight varies 
with the geographical location. In the USA, Wilcoxson et al. (1988) reported that 
F. gramineanim was the predominant species, accounting for up to 75% of Fusarium isolates 
collected from spring wheat throughout Minnesota. In the UK, Polley et al. (1991) considered 
F. poae to be the predominant species causing ear blight. This contrasted with a report by Parry 
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et al. (1985) in which F. culmorum and F. avenaceum were regarded as the most common 
species causing ear blight in field. 
The effect of ear disease on the grain depends on the time of infection. Early infections, 
occurring at or soon after flowering, can cause the formation of bleached spikelets, which 
contain no grain or, very shrivelled grain. With later infections, symptoms may range from 
severe shrivelling of grain, to no symptoms but sometimes with latent infection of the grain. 
The source of infection for Fusarium ear blight is not fully understood. The 
development of Fusarium foot rot on the stem bases of cereals would appear to be an obvious 
source of inoculum but how this is subsequently spread to the ears is not clear. Although 
infection of wheat ears through systemic colonization of Fusarium from infected stem bases 
has been proposed (Snijders, 1990; Hutcheon and Jordan, 1992) much evidence exists to 
suggest that infections of the ear occur when environmental conditions are favourable for the 
production and dissemination of spores. In his review of crop diseases in England and Wales 
between 1957 and 1968, Baker (1972) noted that high incidences of Fusarium ear blight were 
linked to wet growing seasons. Sutton (1982) working in Canada, reported the association 
between above-average rainfall in the summer and epidemics of ear blight caused by 
F. graminearum, especially when the harvest was subsequently delayed. Jenkinson and Parry 
(1994) showed that conidia of F. culmorum and F. avenaceum could be dispersed in rain- 
splashed droplets to maximum heights of 60cm and 45cm respectively and maximum horizontal 
distances of >100cm and 90cm respectively. This work demonstrated that conidia of 
F. culmorum and F. avenaceum carried in splash droplets have the potential to be dispersed 
either directly, from infected stem bases/stubble to the ears of cereals or indirectly, to the ears 
in a series of "leaps. " 
Fusarium ear blight is regarded worldwide as being of major importance, especially 
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during wet growing seasons (Sutton, 1982). Infection of the ear may reduce yield. Colhoun 
(1970) observed a reduction in yield of 13% when ears were inoculated with F. culmorum and 
Mnivale. Mihuta-Grimm and Forster (1989) reported that in some fields in Southern Idaho, 
yield losses, caused by F. culmorum infection, were as high as 50%. In India, Chaudhary et aL 
(1990) estimated yield losses of between 15 and 29% as a result of natural field infection of 
wheat byF. avenaceum. Contaminated grain resulting from Fusarium ear blight can provide a 
primary source of inoculum for the development of seedling blight and foot rot (Hewett, 1983; 
Rennie et al., 1983; Duthie and Hall, 1987). 
Infection of the ears by species of Fusarium may result in contamination by mycotoxins. 
Some of these compounds, for example the tricothecenes are highly toxic to man and livestock 
and can cause haemorrhaging, feed rejection and vomiting in pigs (Vesconder et al., 1981). 
Fusarium mycotoxicosis in humans is rare. In 1942-1947 in the USSR, however, consumption 
of grain contaminated with tricothecenes produced by Fusarium species, resulted in victims 
with symptoms such as reduced white blood cell counts, multiple haemorrhage and the 
depletion of bone marrow (Joffe, 1978). 
1.2.5 Disease control 
1.2.5.1 Chemical seed treatments 
Since the early 1930's, seed treatments have been used routinely to protect cereal 
seedlings from, and to prevent build up of, seed-borne inocula of a range of pathogenic fungi. 
Treatment of seed may also be beneficial for emergent seedlings, conferring protection against 
soil- or stubble-borne pathogens. 
Organomercurial seed dressings were the first to be developed commercially and 
mercury chlorophenate was sold in Germany as early as 1912. Other mercury based products 
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followed and their use became very widespread until the 1990's; in 1977,95% of all UK cereal 
seed was treated with organomercury fungicides (Steed et al., 1979). Bateman (1977) showed 
that treatment of wheat seed with phenyl mercuric acetate resulted in a significant reduction 
in seedling disease caused by soil-borne Fusarium culmorum, F. avenaceum and Microdochium 
nivale. Protection of the coleoptile against soil-borne inoculum indicated either movement of 
the fungicide within the plant or movement in the soil to form a protective zone. Phenyl 
mercuric acetate was also effective against seed-borneM. nivale (Bateman, 1976). Full control 
of seed-borne infection in pot experiments however, was not achieved (Bateman, 1976; Millar 
and Colhoun, 1969b) and Bateman (1983) suggested that this incomplete control resulted from 
part of the infection being sited deep in the seed and inaccessible to the fungicide. 
Environmental concerns over the toxicity and persistence of mercury resulted in an EC 
Directive (Anon., 1979), which prohibited the use of mercury-based seed treatments and, in the 
U. K., organomercury was finally withdrawn in March 1992. Several effective alternative 
treatments are available for use on cereals and others are likely to be approved within the next 
few years. Their cost (£30 - £40 per tonne of seed/£4.80 - £6.40 per hectare) is much higher 
than that of organomercury (at 1992 prices, £8 per tonne of seed/£1.30 per hectare) but it is 
approximately half the cost of broad spectrum systemic fungicides, which give some early foliar 
pathogen control, as well as controlling seed-borne pathogens (Cockerell and Rennie, 1996). 
The seed treatment `Baytan" (triadimenol + fuberidazole) was introduced in the late 
1970's. Wainwright et al. (1979) showed that treatment of seed with the triazole fungicide, 
triadimenol, gave useful control of M. nivale, though the effect against Fusarium species was 
clearly enhanced by the addition of the NIBC fungicide, fuberidazole (Frohberger, 1978). The 
effectiveness of seed treatments that depend on MBC fungicides for the control of seedling 
blight however, has been brought into doubt by the occurrence of MBC-resistant isolates of 
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Midvale. In their survey of MBC-resistant isolates of Mnivale in England and Wales, Locke 
et al. (1987) detected Benomyl-resistant Mnivale isolates in 94.5% of the 109 crops from 
which Fusarium species were obtained. 
Guazatine, alone and in mixture with imazalil, has been used in a number of European 
countries since 1973 and marketed as "Panoctine" (Rhone-Poulenc) and as "Rappor" 
(DowElanco Ltd. ). Since the withdrawal of organomercury, its use has become more 
widespread. Seed treatment trials conducted by ADAS in 1986 (Jones, 1993) used seed stocks 
of wheat heavily infected with Mnivale. Guazatine was found to be the most effective 
treatment, significantly increasing plant emergence compared with untreated and 
organomercury-treated seed. 
One of the most recent chemical groups to be developed as seed treatments were the 
phenylpyrroles, a new class of non-systemic, broad spectrum fungicides. Two derivatives of the 
phenylpyrroles (fenpiclonil and fludioxonil) have been used in U. K. trials with promising results 
and fenpiclonil has been marketed in the U. K. since 1993 under the tradename `Beret" 
(Leadbitter et al., 1994). This fungicide was shown to be active against Mnivale, including 
those isolates which displayed resistance to MBC fungicides and against F. culmorum and 
improvements in crop establishment were clearly observed (Koch and Leadbeater, 1992). 
1.2.5.2 Foliar-applied chemical control 
The control of Fusarium species in winter wheat by the use of chemical sprays is 
variable and dependent on the disease that is targeted. There have been some successes in the 
control of cereal ear diseases and these have been reviewed by Parry et al. (1995). Control of 
Fusarium foot rot of wheat by fungicides is poor and there are few records of reliable control 
in the field (Jenkins et al., 1988). 
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1.2.5.3 Varietal control 
Differences in the relative resistance to Fusarizrm ear blight between varieties and wheat 
genotypes have been shown to exist but not, at a level that could be considered useful (Martin 
and Johnston, 1992; Mesterhazy, 1983). Varietal control of Fusarium ear blight is discussed 
more fully in the review by Parry et al. (1995). 
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1.3 BIOLOGICAL CONTROL OF FUSARIUM ON CEREALS 
Since the publication in 1931 of Henry's work in which the inhibitory action of the soil 
microflora against Fusarizim graminearum infecting wheat seedlings was reported, several 
workers have attempted to control the pathogens responsible for the Fusarium diseases of 
cereals by the introduction of antagonistic microorganisms - either to the soil or by treatment 
of the seed. 
In 1933 Bisby, James and Timonin published a comprehensive survey of the fungi 
isolated from the surface soil of a number of sites in Manitoba, Canada. Fusarium species were 
commonly isolated and especially frequent was F. culmorum. Isolations onto agar plates were 
made from a trial site used to test the resistance of barley varieties to soil fungi. Plots heavily 
inoculated with F. culmorum were adjacent to uninoculated "check" plots; barley showed no 
obvious differences between plots. F. culmorum was isolated in considerable numbers from 
inoculated soil but on plates Trichoderma lignorum rapidly outgrew and destroyed 
F. culmorum. To determine whether T. lignorum could control the infection of wheat by 
pathogenic fungi, a pot experiment was carried out in which sterilised soil, infested with 
F. culmorum and T. lignorum, both singly and together, was planted with surface sterilised 
wheat seed. Seedling blight of wheat was clearly evident in pots containing soil which had been 
infested with F. culmorum alone but there was no noticeable injury to plants growing in soil 
treated with T. lignorzum either singly or in combination with F. culmorum. The authors 
concluded that T. lignorum, a widespread fungus in Manitoba soils, played an important role 
in suppressing the virulence of F. culmorum and other pathogenic fungi in soil. 
Similarly, seed-borne species of Chaetomizrm were observed to be antagonistic and 
probably responsible for the natural resistance of certain Brazilian varieties of oats to the 
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virulent pathogen Helminthosporium victoriae (Tveit and Moore, 1954). In 1955 Tveit and 
Wood went on to publish results from a series of agar plate, pot and field experiments in which 
they investigated the ability of antagonistic species of Chaetomium to control Fusarium blight, 
caused by Microdochium nivale, in oat seedlings. Oat seed naturally infected with M. nivale 
(80% infection) was used. 47 isolates of various Chaetomium species were added as oat straw 
cultures to unsterile soil in pot experiments and tested for their ability to control disease. The 
majority of isolates were ineffective but certain isolates of C. cochliodes and C. globosum gave 
disease control comparable to the standard organo-mercurial seed dressing in terms of 
percentage emergence and percentage healthy seedlings. Different methods of applying 
antagonists were examined and a good measure of control was obtained when perethecia of 
C. cochliodes were applied to seed in a cellulose adhesive and when seed was soaked for 24 
hours in a culture filtrate of antagonist. C. cochliodes, introduced as an oat-straw culture, 
persisted in unsterile soil for at least 10 months. When infested seed was sown in such soil, 
disease control was as great at the end of the experiment as at the beginning of the storage 
period. The antagonist was frequently observed as perithecia on seed coats and on the root 
surface of oat seedlings. Field trials confirmed the results of pot experiments. Treatment of seed 
with a mercurial dust was most effective, giving a percentage emergence value of 64% but 
soaking seed in a cell-free filtrate of C. cochliodes also decreased disease considerably and 53% 
seedlings emerged; application of living material of the antagonist was relatively less effective. 
Introduction of C. cochliodes, as an oat-straw culture and as perithecia attached to the seed 
coat, gave percentage emergence values of 40 and 42% respectively. The notable features of 
this work were, therefore, that very significant control of disease was obtained using naturally 
infected seed grown in unsterile soil under normal field conditions, that only one strain of one 
species of many tested (C. cochliodes A) was effective and that the antagonist apparently 
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became established and persisted in the soil into which it was introduced. The work also 
brought into question the relevance of in vitro testing of antagonism. Isolates which gave good 
control of disease in pot tests were not strikingly antagonistic to pathogen in pure culture and 
it was noted that the absence of defined zones of inhibition, when pathogen and antagonist were 
plated in dual culture on agar, was surprising, given the activity of cell free filtrates of 
antagonists, when applied to seed. 
The antagonistic properties of Chaetomium species were also investigated by Chang 
and Kommedahl (1966,1968) working on the biological control of seedling blight of corn 
caused by soil-borne Fusarium grmninearum. An initial in vitro experiment in which pathogen 
and antagonists were grown in dual culture on potato dextrose agar, indicated that Bacillus 
subtilis inhibited growth of F. graminearum by the production of antibiotics and that 
C. globosum appeared to be antagonistic by occupation of the substrate. In glasshouse 
experiments corn kernels, coated with liquid cultures of B. subtilis or C. globosum, were sown 
in sterile and non-sterile soil infested with F. graminearum. Variable results were obtained with 
B. saibtilis. There was no significant difference in emergence between treated and non-treated 
kernels when planted in sterilised soil infested with F. graminearum. The treatment of kernels 
with B. subtilis however, did give a significant increase in emergence of 30% over non-treated 
kernels when growing in non-sterile, pathogen-infested soil. Coating kernels with C. globosum 
produced significant increases in emergence of 28 and 57% over non-treated kernels when 
sown in sterile and non-sterile, F. graminearum-infested soil respectively. The authors also 
reported improvements in plant development with increases in plant height, plant fresh weight 
and root dry weight after treatment with C. globosum. Field experiments were also conducted: 
efficacy of B. subtilis and C. globoszim in controlling seedling blight of corn was compared with 
the chemical controls, thiram and captan. It was shown that, at soil temperatures of about 
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20°C, coating kernels with liquid cultures of the two antagonists gave improved stands over 
the non-treated control and that the effectiveness of the antagonists was comparable to 
treatment with captan or thiram. No pathogen inoculum was added to the soil in the field trial 
and therefore the causal agent(s) of the observed seedling blight was not certain; there was no 
report of isolations being made from infected plant material to determine the actual species 
causing disease. 
An investigation into the effect of soil microflora on the pathogenicity of Microdochium 
nivale on wheat seedlings, carried out by Millar and Colhoun (1969b), suggested that 
microorganisms, present in the two soils examined, were able to inhibit or compete with 
M. nivale. A relatively low degree of seedling disease was observed also when seed, artificially 
infected with Mnivale, was sown in one of the two soils which had been sterilized by 
autoclaving; this indicated that the inhibitory factors were to some extent thermostable. Five 
fungi, isolated from the soils, were found to be inhibitory to growth ofM. nivale under in vitro 
and seedling assays. Gliocladium roseum was the most effective of these fungi in controlling 
the incidence of disease when wheat seed, artificially infected with the M nivale, was sown in 
soil in which the antagonist fungus was growing; when naturally infected seed was tested in the 
same soil however, control was insignificant. Millar and Colhoun suggested that antagonistic 
fungi only control surface infection on seed and that this would account for the difference in 
disease control observed between artificially and naturally infected seed. The authors also 
pointed out that because little is known about the relative frequencies of surface and internal 
infection of wheat seed withM. nivale, it was not possible to assess what may be the effects of 
soil microflora in controlling disease in the field. 
Wu (1978) investigated the effect of Epicocuum nigrum, Trichoderma har°ianum, 
Aspergilhrs clavatus and T aureoviride on emergence and vigour of oat and wheat seedlings 
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growing in soil infested with seed- and soil-borne fungal species, including Fusarium 
culmorum. Introduction of wheat kernel inocula of antagonists E. nigrum, A. clavatus and 
T. harziafnim to soil infested with the three pathogen fungi, Drechslera sorokiniana, 
F. culmorum and Rhizoctonia solani significantly improved emergence of wheat seedlings under 
glasshouse conditions; emergence of oat seedlings was not affected significantly. In a further 
experiment, wheat seeds were pelleted, using a polyvinyl alcohol, with conidial suspensions of 
A. clavatus, T. aureoviride and T. harzianum plus a mixture of all three antagonist fungi. Each 
of these four treatments resulted in significant increases in emergence of seedlings, when grown 
in pathogen-infested soil, under both glasshouse and soil-tank conditions. It was suggested that 
pelleting seed with biological control agents gave them a competitive advantage over other soil- 
borne fungi, including pathogens, in establishing themselves in the rhizosphere. The beneficial 
microorganisms would have priority in utilising nutrients secreted from the seed and would be 
able to grow abundantly. The antagonist species were not tested individually against each of 
the three pathogenic fungi and no indication was given as to which of the three pathogens were 
responsible for the pre-emergence death of seedlings. 
A study of antagonism between fungi of the foot rot complex of cereals, carried out by 
Reinecke, Duben and Fehrmann (1979), examined the interactions between 
Pseudocercosporella herpotrichoides, the main causal agent of foot rot of winter wheat in the 
Federal German Republic, and Fusarium species and Rhi-octonia cerealis. Trials were set up 
in more than a hundred fields and data collected over three seasons (1975,1976 1977). 
Reduction of eyespot by fungicides led to more severe attacks of Fusarium foot rot and sharp 
eyespot. Treatment of plots with a soil-based inoculum of R. cerealis increased the incidence 
of Rhizoctonia disease but decreased symptoms attributed to P. herpotrichoides and Fusarium 
species. Application of an inoculum of Fusarium species however, had no effect on the other 
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stem-base pathogens, although the disease index of Fusarium species did increase considerably. 
Reinecke, Duben and Fehrmann also reported a significant reduction in the relative numbers 
of Fusarium species isolated from the haulm base of wheat and rye, when Idriella 
(Microdochium) bolleyi was artificially introduced into field plots. Incidence of 
P. herpotrichoides and R. cerealis was not decreased significantly in those plots treated with 
M bolleyi. 
In research conducted in the last decade, Trichoderma viride was reported to be 
strongly antagonistic to Gerlachia nivalis (Microdochium nivale) in agar-plate culture. It was 
also shown to control infection of barley seedlings from seed-borne pathogen inoculum, when 
incorporated in soil as straw culture and from soil-borne inoculum, when antagonist conidia 
were applied to the seed coat (Al-Hashimi and Perry, 1986). Tahvonen and Sorri (1992) tested 
the antagonistic activity of approximately 700 fungi isolated from soil samples against 
Firsarium culmonim. In sand tests, 6% of isolates were reported to prevent, almost completely, 
disease symptoms on spring wheat. Isolates of the genus Gliocladium were especially effective. 
Knudsen et al. (1995) also reported good efficacy of Gliocladium roseum in a field experiment, 
which examined the control of seedling blight of winter wheat caused by F. cuulmorum. Control 
of disease by G. roseum was not significantly different from that shown by the chemical seed- 
treatment, Sibutol (bitertanol/fuberidazole). 
As well as demonstrating disease control by the use of introduced microorganisms, the 
mode of action of several microorganisms antagonistic to Fusarium species, has also been 
investigated. Huang (1978) reported that Gliocladium catenulatum acted as a hyperparasite 
and was able to kill vegetative cells, macroconidia and conidiophores of Fusarium species. A 
dual-culture technique on water agar examined the mode of hyperparasitism of the antagonist 
species with F. equiseti, F. oxysporum, F. poae and F. sporotrichoides. It was observed that 
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G. catenulatum killed cells by direct hyphal contact, without penetration or the development 
of intracellular hyphae. Affected cells disintegrated, indicating the involvement of cell wall 
degrading enzymes. G. catemrlatum produced pseudoappressoria but penetration of living host 
cells by hyphae developing from pseudoappressoria, was not observed. Pseudoappressoria 
stained more densely than normal hyphae with cotton blue, indicating intense physiological 
activity and Huang suggested that the pseudoappressoria might function as anchor-like 
structures, ensuring a firm contact with host cells. 
Antibiosis has also been proposed as a mechanism of action in several Fusarium - 
antagonist interactions. Murray, Leighton and Seddon (1986) reported that the antibiotic, 
Gramicidin S, produced by Bacillus brevis, was active against Mnivale. No growth of 
M. nivale occurred on potato dextrose agar plates containing concentrations of Gramicidin S 
of 50µmoL1 and above. The authors suggested that treatment of cereal seed with Gramicidin 
S or with B. brevis spores could prove an effective means of biological control of fungal plant 
pathogens. Kempf and Wolf (1989) investigated the inhibition of Fusarium culmonim by the 
antibiotic-producing bacterium Erwinia herbicola. 90% suppression of seedling disease was 
reported when E. herbicola was applied as a seed treatment against a soil-borne infection of 
F. culmorum. It was noted that an antibiosis-negative Tn5 mutant of E. herbicola still 
suppressed F. culmorum in vivo to some extent and the authors therefore suggested that 
mechanisms other than antibiosis, such as competition, were also involved in disease reduction. 
The biological control of Fusarium species on cereals has been demonstrated several 
times and by a number of different microorganisms over the last 60 years (Table 1.3). All the 
evidence appears to suggest that Fusarium seedling disease is a good target for an effective 
biological control treatment, applied, for example, as a seed dressing. No product, however, 
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has been developed commercially. Research into promising isolates has either stopped at the 
end of short-term projects or the selected isolate has failed at the final stage of development, 
with the commercial introduction into the field. The research into the antagonism displayed by 
Streptomyces species, carried out in Finland in the 1980's and 1990's, resulted in the 
development of the biofungicide "Mycostop" by Helsinki University Agricultural Research 
Centre, in collaboration with Kemira Oy. Mycostop, a preparation of Streptomyces 
griseoviridis, was reported to inhibit many seed and soil borne pathogens by the secretion of 
antibiotic substances (Lahdenperä, Simon and Uoti, 1991). The product has been registered for 
use on glasshouse crops in several countries and has been reported to give consistent protection 
against carnation wilt, caused by Fusarium oxysporum f. sp. dianthi, as well as against root 
diseases of cucumber, grey mould (Botrytis cinerea) on lettuces and several other fungal 
pathogens. The possibility of using Mycostop as a cereal seed-dressing, was also investigated. 
S. griseoviridis showed good control of F. culmorum in agar plate tests but variable results in 
pot and field experiments. In pot tests, control of F. culmorum on wheat and barley by 
Mycostop was significantly less than that obtained with the chemical mercury dust, Ceresan 
(Tahvonen and Avikainen, 1990). Lahdenperä, Simon and Uoti (1991) however, reported that 
in wheat field trials in Finland and Hungary, Mycostop controlled seedling blight caused by 
both artificial and natural infection of Fusarizrm species and that yield was also significantly 
increased when compared with the unnamed chemical control. Although Mycostop did show 
potential as a biological control agent against cereal pathogens, it was never developed 
commercially for this market. Tahvonen and Avikainen (1990) reported that, under field 
conditions, control would not exceed that achieved with chemical fungicides and that it was not 
sufficiently effective against pathogens which penetrated into the seed. The high cost of 
production of Mycostop was also a factor that limited its development. Production and 
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fermentation costs would have made the product uncompetitive in the cereal seed treatment 
market (J. Uoti, Pers. Comm. ). 
Commercialisation of biological control, therefore, still faces many problems. Control 
is successful when antagonists are introduced into relatively sterile environments, such as tree 
stumps, nursery composts or into soils, which have been sterilised or fumigated. The 
development of biological control agents for routine treatment of field diseases is still some way 
off Campbell (1989a), however, noted that "biological control should take less time, and cost 
less money, than the present sophisticated chemical control systems have involved. " 
Withdrawal of persistent chemicals from the market, as was seen in the U. K. in 1992 with the 
withdrawal of organomercury seed treatments, can only encourage the development of effective 
biological alternatives to chemical pesticides. 
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1.4 OBJECTIVES 
The withdrawal of organomercury cereal seed treatments in Britain (Anon., 1979) and 
the high infection levels of winter seed by Microdochizim nivale and Fusarium culmorum 
recorded in recent years (Rennie et al., 1983) has lead to a reappraisal of the significance of 
Fusarium seedling blight of wheat in the UK. Chemical alternatives to organomercury can give 
effective control of seed-borne pathogens but they are considerably more expensive . The 
development of an effective biological control agent against Midvale and Fiisarium species 
is perceived to be of both commercial and environmental interest. This project therefore aimed 
to examine the potential of biological control as an alternative to the use of chemicals in the 
control of Fusarium seedling blight of wheat. Research was undertaken to (i) identify 
microorganisms with potential to control Mnivale and Fusarium species, (ii) to investigate 
how such microorganisms may inhibit pathogen growth and (iii) to examine how they would 
perform under the conditions which are prevalent in the field. 
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CHAPTER 2 
GENERAL METHODS 
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2.1 MICROBIOLOGICAL TECHNIQUES 
2.1.1 Aseptic technique 
Growth media, distilled water, glassware and other equipment was sterilised in an 
autoclave (Astell Scientific, Powerscroft Road, Sidcup, Kent, UK) for 20 minutes at 121 ° C. 
Aseptic work was carried out in a laminar flow hood (Microflow Pathfinder) the surfaces of 
which were sterilised using alcohol. 
2.1.2 In vitro growth media 
Four different types of agar media were used for general maintenance of 
microorganisms. Potato dextrose agar (PDA; Oxoid, Unipath Ltd., Basingstoke, Hampshire, 
UK) and nutrient agar (NA; Sigma Chemical Co., St. Louis, USA) were prepared according 
to the manufacturers' instructions. Tap water agar (TWA) was prepared by dissolving 15g agar 
technical (No. 3; Oxoid) in 11 tap water. SNA medium (low nutrient agar; Nirenberg, 1976) 
was prepared by dissolving 1. Og KH2PO4,1. Og KNO3,0.5g MgSO4.7H20,0.5g KCI, 0.2g 
glucose, 0.2g sucrose and 15g agar technical (No. 3; Oxoid) in 11 distilled water. 
All agar media were autoclaved at 121 °C for 20 minutes, allowed to cool and then 
poured into sterile 90mm diameter plastic Petri dishes (Sarsedt Ltd., 68 Boston Road, 
Beaumont Leys, Leicester, UK) at a rate of 15ml agar/plate. 
2.1.3 Isolation and maintenance of microorganisms 
2.1.3.1 Pathogen species 
Fusarium culmorum and Mi6/tJdochiukuE vale were isolated onto PDA from infected 
plant material. Single spore isolates w6b prepared from the lculttires. Spores produced 
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on the PDA plates were suspended in sterile distilled water, a 100 µ1 aliquot was spread on to 
TWA and plates were incubated at 15°C. After 24 hours single germinated conidia were 
located using a low powered microscope (x40) and transferred using a sterile mounted needle 
to SNA. Petri dishes were sealed using Parafilm (American National Can., Greenwich, USA) 
and incubated at 15°C for approximately 2 weeks. The single spore stock cultures were then 
stored in a refrigerator at 4°C. Pathogen species were isolated regularly from infected plant 
material and fresh isolates used throughout the work. 
2.1.3.2 Antagonist species 
Fungi 
The sources of potential fungal antagonist species are shown in Table 2.1. Ten known 
fungi, previously reported as antagonist species were obtained from culture collections 
(International Mycological Institute, Bakeham Lane, Englefield Green, Egham, Surrey, UK and 
Harper Adams Agricultural College, Edgmond, Shropshire, UK). MH1, MH2 and TM! -TM7 
are unidentified fungi isolated from wheat seed and wheat stem bases. PLl was isolated from 
wheat stem base and identified by the International Mycological Institute as Gliocladium 
roseum. Fungal antagonist species were cultured on PDA and stored in a refrigerator at 4°C. 
Bacteria 
The sources of potential bacterial antagonist species are shown in Table 2.2. Three 
known bacteria, previously reported as antagonists, were obtained from culture collections 
(National Collection of Plant Pathogenic Bacteria, Ministry of Agriculture, Fisheries and Food, 
Central Science Laboratory, Hatching Green, Harpenden, Hertfordshire, UK and National 
Collection of Type Cultures, 61 Colindale Avenue, London, UK). BL1 and BL2 are 
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unidentified bacteria isolated from wheat stem bases. Bacterial species were streaked for single 
colonies onto NA using a sterile wire loop, plates sealed with Parafilm and incubated, lid 
downwards, at 20 °C for 7- 10 days. Stock cultures were then stored in a refrigerator at 4°C. 
Table 2.1. Potential fungal antagonists. 
Isolate Identity Code Source 
Trichoderma harzianum TH 
T. koningii TK 
T piluliferum TP 
T. polysporum TY 
T. viride TV 
Gliocladium roseum GR 
G. catenulatum GC 
Idriella bolleyi IB 
Chaetomium globosum CG 
Pythium oligandrum PO 
Streptomyces griseoviridis K61 
("Mycostop'2 
Harper Adams Culture Collection 
Harper Adams Culture Collection 
Harper Adams Culture Collection 
Harper Adams Culture Collection 
Harper Adams Culture Collection 
IMI 040222 
IMI 288054 
Harper Adams Culture Collection 
Harper Adams Culture Collection 
IMI 133857 
Kemira Biotech, Finland 
Gliocladium virens GL21 Kemira Biotech, Finland 
J76 J76 Kemira Biotech, Finland 
ME I& MH2 Mill & MH2 unidentified fungal isolates from 
wheat seed 
TM1 - TM7 TM1 - TM7 unidentified fungal isolates from 
wheat stem bases 
PL1 PL1 Gliocladium roseum isolated from 
wheat stem base 
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Table 2.2. Potential bacterial antagonists 
Isolate Identity Code Source 
Bacillus brevis B. brevis NCTC 7096 
Erwinia herbicola E. herbicola NCPPB 2971 
Pseudomonas corrugata P. corrugata NCPPB 2445 
BL1 & BL2 BL1 & BL2 unidentified bacterial isolates from 
wheat stem bases 
2.1.4 Production of fungal mycelium and spores 
Fungal species were sub-cultured onto PDA to produce the mycelium and spores used 
in experiments. Sub-cultures were prepared by cutting a 5mm disc from the edge of an actively 
growing stock culture, using a sterile cork borer, and placing it, mycelial surface downwards, 
onto a Petri dish containing PDA. Sub-cultures were then sealed using Parafilm and incubated 
at 20 °C in the dark for 7- 14 days. 
To induce sporulation, Parafilm was removed from the plates and the sub-cultures 
placed on the laboratory window sill for a further 10 days. 
2.1.5 Preparation of fungal spore suspensions 
Spores of fungal isolates were collected by flooding sporulating cultures growing on 
potato dextrose agar with 5ml sterile distilled water and scraping the colony surface with a 
sterile wire loop. The resultant spore suspensions were filtered through sterile muslin to remove 
mycelial fragments. Spore concentration/ml water was determined using a haemocytometer 
(Improved Neubauer, Webber Scientific International Ltd., 40 Udney Park Road, Teddington, 
Middlesex, UK) and then adjusted to the required concentration. 
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2.1.6 Production of bacterial liquid cultures 
150m1 of nutrient broth (NB; Merck Ltd., Poole, Dorset, UK) was prepared in a 250m1 
conical flask, the mouth of the flask sealed with a cotton wool bung and the flask autoclaved 
at 120°C for 20 minutes. After cooling, a loopful of the test bacterium from a single colony 
growing on NA was transferred to the broth using aseptic technique. Cultures were incubated 
in an orbital shaker (Infors BTR 112 waterbath shaker, Infors UK Ltd., Crewe, Cheshire, UK) 
for 24 hours at 20-25 ° C, 150 rpm. Concentration of the bacterial suspension was determined 
using a haemocytometer and verified by plate counts of 10 fold serial dilutions of the 
suspension. 
2.1.7 Production of filtrates of fungal liquid cultures 
Filtrates of liquid cultures of each fungal antagonist were used in each experiment 
described in Chapter 4.150 ml of potato dextrose broth (PDB; Sigma Chemical Co., St. Louis, 
USA) was prepared in a 250ml conical flask, the mouth of the flask sealed with a cotton wool 
bung and the flask autoclaved at 121'C for 20 minutes. After cooling, a1 cm diameter PDA 
plug of the test fungus was transferred to the broth using aseptic techniques. Each liquid culture 
was incubated in an orbital shaker (Infors BTR 112 waterbath shaker, Infors UK Ltd., Crewe, 
Cheshire, UK) for 4 weeks at 22°C, 150 rpm. The cultures were then passed through several 
layers of sterile filter paper (No. 1, Whatman Labsales Ltd., St. Leonards Road, Maidstone, 
Kent, UK) to remove the mycelial mat and then through 150m1 sterile filter units with a 0.2µm 
pore size (Nalge Europe Ltd., Rotherwas, Hereford, UK). Antagonist cell free filtrates were 
stored in a refrigerator at 4°C. 
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2.2 EXPERIMENTATION WITH THE PLANT HOST 
2.2.1 Surface sterilisation of seed 
Seed was immersed in a sodium hypochlorite solution (1%available chlorine) (BDH 
Laboratory Supplies, Poole, Dorset, UK) for 2 minutes, rinsed thoroughly in 3 changes of 
sterile distilled water and allowed to dry on sterile blotting paper in a laminar flow cabinet 
overnight. 
2.2.2 Inoculation of seed 
Fungal species were applied to the seed surface in the form of spore suspensions; 
bacteria as liquid cultures. Inoculation of seed was performed following the method of Colhoun 
and Park (1964). Surface sterilised seed were inoculated by adding Iml of spore suspension 
(at the required concentration) to each 25g seed. Seeds and spore suspension were mixed 
thoroughly in a sterile conical flask by shaking by hand for 5 minutes. In experiments in which 
seeds received a dual inoculation of pathogen and antagonist species, the pathogen was 
inoculated first, the seed allowed to dry, and then the antagonist was applied. 
2.2.3 Isolation from plant material 
2.2.3.1 Seed 
To verify the success of seed inoculation, a sample of seed from each treatment was 
plated onto PDA. Five seeds were placed on each Petri dish, crease downwards. The Petri 
dishes were sealed with Parafilm and incubated in the dark at 20°C. Resultant colonies were 
examined and identified after 7- 10 days. 
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2.2.3.2 Seedling coleoptiles 
A cylindrical segment (1 - 2cm in length) was cut transversely from the base of each 
seedling using a sterile scalpel. Coleoptile segments were then surface sterilised in a solution 
of sodium hypochlorite (1% available chlorine) for 1 minute, rinsed in 3 changes of sterile 
distilled water and blotted dry on sterile filter paper. The coleoptile segments were placed on 
to PDA at a rate of 5 segments per Petri dish. Petri dishes were sealed with Parafilm and 
incubated in the dark at 20°C. Resultant colonies were examined and identified after 7- 10 
days. 
2.2.3.3 Stem bases 
Plants were washed under running water to remove soil debris. A cylindrical segment 
(3cm in length) was cut transversely from the stem base of the main tiller using a sterile scalpel. 
Stem-base segments were then surface sterilised in a solution of sodium hypochlorite (1% 
available chlorine) for 3 minutes, rinsed in 3 changes of sterile distilled water and blotted dry 
on sterile filter paper. The stem-base segments were placed onto PDA at a rate of 3 segments 
per Petri dish. Petri dishes were sealed with Parafiim and incubated in the dark at 20°C. 
Resultant colonies were examined and identified after 7- 10 days. 
2.2.4 Identification of fungal isolates 
In most cases, pathogen and antagonist species could be identified on the basis of their 
colony characteristics and spore morphology when grown on PDA. Difficulty was experienced 
occasionally in the identification of F. culmorum and M. nivale and in such cases, isolates were 
replated onto SNA to produce uniform macroconidia and onto potato sucrose agar for 
characteristic morphology and pigmentation. 
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CHAPTER 3 
ASSESSMENT OF BIOLOGICAL ACTIVITY OF A RANGE OF FUNGAL AND 
BACTERIAL ISOLATES AGAINST FUSARIUM CULMORUM AND 
MICRODOCHIUMNIVALE USING LABORATORY AND CONTROLLED 
ENVIRONMENT EXPERIMENTS 
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3.1 INTRODUCTION 
The techniques used to assess the biological control potential of different 
microorganisms can be grouped into two basic systems, those testing in vitro activity between 
organisms and those testing in vivo antagonism expressed towards a pathogen on the plant. 
In vitro Testing 
In vitro tests are relatively simple and quick to perform. Large numbers of isolates can 
be tested and compared reproducibly in conditions that are easily altered, and potential modes 
of action can be identified (Andrews, 1985; Campbell, 1989a). The relevance of in vitro 
screening methods for selecting antagonists, especially on agar media, however has been 
criticised by various workers (Campbell, 1990,1994; Deacon, 1988,1991; Andrews, 1985). 
In vitro tests are more likely to select organisms that act by antibiosis or mycoparasitism rather 
than by competition, avirulence or cross-protection (Merriman and Russell, 1990). There is 
little evidence that performance in vitro correlates with results in vivo (Fravel, 1988) and 
antagonists which reduce the development of disease on the plant may not display any activity 
on agar (Renwick et at, 1991). However, despite the doubtful validity of agar tests, many 
primary screens continue to be performed on agar media; in vivo screening of antagonists on 
plants is often impracticable, especially if there are large numbers of microorganisms to test and 
time and funds are limited. When designing any in vitro screen, therefore, it is important to 
recognise and attempt to minimise the drawbacks of the system. One method that several 
workers have employed is the use of different "natural" media made from plant extracts. Beale 
and Pitt (1990) used a bulb scale extract medium to investigate the biological control of 
Fusarium oxysporum f. sp. narcissi, the cause of basal rot of narcissus. Jones and Roane 
(1981) tested antagonists of Septoria nodorum on a wheat extract agar. Because of the 
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questionable validity of agar tests, therefore, it is important to demonstrate that a reduction in 
disease development occurs in vivo on the plant before any claims of biological control activity 
are made. 
In vivo Testing 
In vivo testing of antagonists on plants is the preferred system because conditions most 
closely imitate those in the field. A host plant, infected with the pathogen to be controlled, is 
used as the test organism, the potential control agent is applied and after an appropriate 
incubation, the disease severity is compared with an unprotected control or with a healthy plant. 
It is important to design repeatable experiments with minimal variation so that effects of 
potential antagonists on the pathogen can be compared accurately. Growing conditions of the 
plant and the quantity of pathogen inoculum and type therefore must be standardised. If the 
pathogen inoculum potential is too high or too low, effects of the antagonist may be too small 
to be detected . It 
is also important to recognise that pathogen inoculum grown in the 
laboratory under artificial conditions can differ in physical, chemical and biological properties 
and that this may influence the outcome of screens (Merriman and Russell, 1990). Comparative 
studies on Sclerotinia sclerotiorum (Merriman, 1976) demonstrated the difference between 
"natural" and "laboratory" produced sclerotia. The natural sclerotia had an internal microflora 
which contributed to the formation of perforations and cracks in the rind and these structural 
imperfections made the sclerotia more susceptible to entry of microorganisms associated with 
sclerotial degradation. In contrast, few of the "laboratory" sclerotia had an incomplete rind or 
associated internal microflora, even after 245 days in field soil. 
The following chapter describes experiments which tested a range of microorganisms 
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for antagonism towards F. culmorum and Mnivale. An in vitro screening procedure was 
developed in which potential antagonist species were tested on at least four different types of 
agar medium. The different media provided a range of nutrient concentrations to increase the 
ecological significance of the screen. In the second part of the work, an irr vivo experiment was 
developed to assess the field potential of the most promising biological control agents (BCAs) 
selected from the primary in vitro screen. 
The efficacy of a number of fungal and bacterial species known to be antagonistic to 
seed- and soil-borne pathogens together with commercial strains of Streptomyces griseoviridis 
("Mycostop") (Lahdenperä et al., 1991) and Gliocladium virens ("GL-21") (Anon. ) was 
compared with that of fungi and bacteria isolated from wheat seed and stem bases and J76, a 
Finnish fungal antagonist isolate supplied by Kemira Biotech, Finland. The inclusion of 
previously reported antagonists would, it was hoped, serve to evaluate the usefulness of the 
experiment chosen for testing biological control potential. 
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3.2 IN VITRO SCREENING OF ANTAGONISTS OF FUSARIUM CULMORUM 
AND MICRODOCHIUMNIVALE 
3.2.1 Materials and Methods 
3.2.1.1 Isolation and maintenance of microorganisms 
For details on isolation and maintenance of microorganisms refer to General Methods. 
The sources of potential antagonist isolates are shown in Table 3.1. MH1, MH2 and TM1 - 
TM7 were unidentified fungi isolated from wheat seed and wheat stem bases and BL1 - BL3 
unidentified bacterial isolates from wheat stem bases. 
3.2.1.2 Media 
Potato dextrose agar (PDA) and nutrient agar (NA) were prepared according to the 
manufacturer's instructions. Tap water agar (TWA) was prepared by dissolving 15g agar 
technical (No. 3, Oxoid, Unipath Ltd., Basingstoke, Hampshire, UK) in 11 tap water and 
autoclaving for 20 minutes at 121°C. Soil extract agar (SEA) was prepared by a method 
modified from that of Hall (1986). 500g soil were autoclaved with 11 distilled water for 30 
minutes at 121 ° C. The soil and water were mixed thoroughly after autoclaving and left to settle 
at room temperature overnight. The supernatant was filtered through Whatman No. 1 filter 
paper (Whatman International Ltd., Maidstone, Kent) and was made up to 11 with distilled 
water. 15g agar technical (No. 3, Oxoid) were added before autoclaving for 30 minutes at 
121 T. Milled wheat agar (MWA) was developed: 5g milled wheat seed were added to 15g 
agar technical (No. 3, Oxoid) in 11 tap water. The medium was autoclaved for 30 minutes at 
121 °C. 17ml of each medium were dispensed into 90cm diameter sterile Petri dishes. 
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Table 3.1. Microorganisms tested for their ability to inhibit mycelial growth of Fusarium 
culmorum and Microdochium nivale in an in vitro screen. 
Isolate Identity Code Source 
Trichoderma harzianum TH Harper Adams Culture Collection 
T. koningii TK Harper Adams Culture Collection 
T pihulifenim TP Harper Adams Culture Collection 
T. polysporum TY Harper Adams Culture Collection 
T. viride TV Harper Adams Culture Collection 
Gliocladium roseum GR INII 040222 
G. roseum PL1 isolate from wheat stem base 
G. catenulatum GC III 288054 
Idriella bolleyi IB Harper Adams Culture Collection 
Chaetomium globosum 
Pythium oligandrzim 
Streptomyces griseoviridis 
Gliocladium virens 
J76 (Finnish fungal isolate) 
MH 1+ MH2 
T1'v11 - TM7 
Bacillus brevis 
Erwinia herbicola 
Pseridomonas corrugata 
BLl - BL3 
CG Harper Adams Culture Collection 
PO IMI 133857 
K61 Kemira Biotech, Finland 
GL-21 Kemira Biotech, Finland 
J76 Kemira Biotech, Finland 
MHl+MH2 unidentified fungal isolates from wheat 
seed 
TM1-TM7 unidentified fungal isolates from wheat 
stem bases 
BB NCTC 7096 
EH NCPPB 2971 
PC NCPPB 2445 
BLI - BL3 unidentified bacterial isolates from wheat 
stem bases 
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3.2.1.3 Colony Interaction and Competition in dual culture 
(i) Fungal Antagonists 
Colony interaction and competition were studied using techniques based upon the 
methods of Royse and Ries (1978). In the screening of fungal antagonists, each medium was 
inoculated with a 5mm diameter PDA disc of antagonist positioned diametrically opposite a 
5mm disc of pathogen. The distance between the discs was 3cm. Dual cultures were performed 
on four different agar media: PDA, TWA, SEA and MWA. All Petri dishes were sealed with 
Parafilm (American National Can., Greenwich, USA). For assessment of antagonism against 
F. cldmorum, plates were incubated at 20°C; antagonism against M. nivale was tested at 15 °C. 
These temperatures were chosen because they were found to be optimal for growth of the 
pathogen on each of the agar media tested (data not shown). Each pairing was replicated 5 
times. The growth of pathogen was recorded 21 days after inoculation and percentage 
inhibition of growth was calculated as: 
% Inhibition of pathogen = l00[(x - R2)/x] [Equation 3.11 
where: x= distance grown on a line between inoculation positions of pathogen 
plated opposite pathogen (control value) 
R2 = distance grown by pathogen on a line between inoculation positions 
of pathogen and antagonist (inhibition value) 
Percentage inhibition of pathogen by each antagonist on each agar type was calculated 
as a mean of the five replicates; a mean percentage inhibition value across all four agars was 
also determined for each antagonist. 
The interaction of pathogen and antagonist colonies was also assessed visually after 21 
days. Assessment was based on the key of Whipps (1987): 1, antagonist overgrowing pathogen 
and pathogen stopped; 1/2, antagonist overgrowing pathogen but pathogen still growing; 2/1, 
pathogen overgrowing antagonist but antagonist still growing; 2, pathogen overgrowing 
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antagonist and antagonist stopped; 3, both colonies stopped growing with neither overgrowing 
the other; 3', small zone of inhibition (s 2mm diameter); 4, zone of inhibition >4mm diameter. 
The interaction/overlap zone was examined microscopically on the day after pathogen 
and antagonist mycelia made contact or, if no contact occurred, 21 days after inoculation. A 
2cm x 2cm square of agar containing the interaction zone was removed using a scalpel from 
the fifth replicate plate and mounted on a microscope slide. The agar was stained with cotton 
blue in lactophenol and a coverslip added. Hyphal interactions were assessed for coiling of the 
antagonist hyphae, penetration of pathogen by antagonist hyphae, granulation and vacuolation, 
abnormal branching and lysis of pathogen hyphae (Chand and Logan, 1984). 
(ii) Bacterial Antagonists 
The in vitro screen of bacterial isolates was set up in a similar way to that described for 
fungal antagonists. A single bacterial colony, growing on NA, was streaked opposite a 5mm 
disc of pathogen, pathogen and antagonist being 3cm apart. The test bacteria, however, were 
inoculated onto the agar plates 4 days prior to inoculation with pathogen. Dual cultures were 
performed on 5 different agar media: PDA, TWA, SEA, MWA and NA. All Petri dishes were 
sealed with Parafilm and each pairing was replicated 5 times. F. culmorum dual cultures were 
incubated at 20°C for 3 days; M. nivale plates were incubated at 15"C for 9 days. In the case 
of bacterial antagonists, colony interactions and competition were studied using techniques 
based on the methods of Fokkema (1973). After incubation, inhibition of the pathogen's 
development was assessed by two parameters, viz. the percentage of the inhibition of radial 
growth calculated as: 
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Inhibition of radial growth = 100 [(r, - r2) / r, ] [Equation 3.2] 
where: r1= furthest radial distance grown by the pathogen 
r2 = distance grown on a line between inoculation positions of pathogen and 
antagonist 
and the width of the zone of inhibition (d), measured at the smallest distance between both 
colonies. Percentage inhibition of pathogen by each antagonist, on each agar type, was 
calculated as a mean of the five replicates; a mean percentage inhibition value across all four 
agars was also determined for each antagonist. 
3.2.2 RESULTS 
3.2.2.1 Fungal antagonists 
Inhibition of Radial Growth of Fusarium culmorum and Microdochium nivale 
All fungal isolates tested caused inhibition of either Fusarium culmorum or 
Microdochium nivale on at least one of the four agar media (Figure 3. I). In general, 
antagonists were more effective againstM. nivale than against F. culmorum (Figure 3.1). In only 
two cases, Chaetomium globoszim and TM5, were the mean percentage inhibition values 
greater for F. culmorzim than for M. nivale; TM1 inhibited both pathogens by the same amount. 
Some striking differences were apparent between the ability of certain antagonists to inhibit 
growth of F. czilmorzim and Mnivale in vitro: Gliocladizim roseum (IMI 040222), 
G. caterrlatrim and J76 were all highly effective against M. nivale giving mean percentage 
inhibition values of 64%, 49% and 65% respectively; no inhibition was seen when these isolates 
were plated in dual culture against F. culmorum (Table 3.2). 
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The ability of antagonists to inhibit growth of pathogen was affected by the type of 
medium. Two antagonists, Trichoderma viride and GL-21 inhibited radial growth of 
F. culmorum andM. nivale consistently on each of the four different media tested but in general, 
efficacy of antagonists varied with the agar medium (Table 3.2). In dual culture against 
F. culmorum, for example, Chaetomium globosum, Pythium oligandrum and Trichoderma 
piluliferum were only effective on low nutrient media (TWA/SEA). TM3 and TM5 inhibited 
the pathogens most on high nutrient media. In dual culture against Midvale, Gliocladium 
roseum (IMI 040222), G. catenulatum and J76 inhibition was seen only on the more nutrient 
rich PDA and MWA media. Trichoderma harzianum, Idriella bolleyi, Ggloboszim, 
P. oligandnim and Groseum (PL1) on the other hand, showed more inhibition on nutrient poor 
TWA and SEA. 
In the early stages of growth on PDA and MWAMicrodochium nivale outgrew J76, 
Gliocladium roseum (IMI 040222) and G. catenulatum but after approximately six days, the 
antagonist began to outcolonize the pathogen, pushing back the boundary of actively growing 
Mnivale mycelium. After three weeks, theM. nivale had been reduced in size to such an extent 
that the boundary of viable mycelium lay behind the point of inoculation of M. nivale, resulting 
in over 100% inhibition by these three antagonists (Table 3.2). 
Colony Interaction in Dual Culture 
For the majority of dual cultures, pathogen-antagonist combinations did not show the 
same interaction on all media (Tables 3.3,3.4). 
In dual culture against Fusarium culmorum, on PDA, 41% of the fungal antagonists 
overgrew the pathogen. On TWA and SEA, the majority (64%), of F. culmorum - antagonist 
combinations were Type 3 where neither colony overgrew the other; interactions on MWA 
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were more varied. The formation of zones of inhibition was rare: K61 produced a Type 4 
interaction on all 4 media and Trichodermapolysporum and T. pihrliferum displayed zones of 
inhibition on MWA alone. Small zones of inhibition (Type 3) were formed when Gliocladium 
roseum (IMI 040222) and G. catenzrlatum were plated against F. culmorum on all four media 
(Table 3.3). 
In dual culture against Microdochium nivale, on PDA 73% of the fungal isolates 
overgrew the pathogen (Table 3.4); on TWA the majority (68%) of Mnivale - antagonist 
interactions were Type 3; interactions on SEA and MWA were more varied. K61 again 
exhibited a Type 4 interaction on all four agar media with clear inhibition zones of mean 
diameters between 1.1 and 1.9cm being formed between pathogen and antagonist colonies. The 
only other antagonists to produce inhibition zones greater than 4mm diameter were 
Trichoderma pihdliferum and TM7, in both cases on the high nutrient PDA medium only. 
Gliocladium catenulatum produced a small zone of inhibition (Type 3* interaction) on TWA 
and SEA (Table 3.4). 
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Table 3.2. Percentage inhibition of radial growth of Fusarium culmorum and Microdochium 
nivale in dual culture with fungal antagonists on potato dextrose agar (PDA), tap water agar 
(TWA), soil extract agar (SEA) and milled wheat agar (MWA). For statistical analyses refer 
to Appendix 1. 
Antagonist Pathogen Percentage Inhibition 
PDA TWA SEA MWA 
Fusarium culmorum F. culmorum NTa NT NT NT 
Mnivale 38 32 48 26 
Microdochium nivale F. culmorum 0 0 0 0 
M. nivale NT NT NT NT 
Fusarium avenaceum F. culmorum 0 7 0 0 
M. nivale 0 31 37 0 
Trichoderma harzianum F. culmorum 0 7 0 4 
M. nivale 0 15 49 0 
Tkoningii F. culmorum 36 40 0 64 
M. nivale 51 16 59 72 
T. pihuliferum F. culmorum 0 35 57 0 
M. nivale 46 47 60 18 
T. polysporum F. culmorum 24 0 45 4 
M. nivale 28 7 68 30 
T. viride F. culmorum 21 7 20 74 
M. nivale 57 20 69 85 
Gliocladium roseum F. culmorum 0 0 0 0 
(IMI040222) M. nivale 125 0 0 132 
G. catenulatum F. culmorum 0 0 0 0 
M. nivale 154 0 6 154 
Idriella bolleyi F. culmorum 0 0 8 0 
M. nivale 0 4 28 0 
Chaetomium globosum F. culmorum 0 7 59 0 
M. nivale 0 1 20 1 
Pythium oligandrum F. culmorum 0 25 12 0 
M. nlyale 5 47 22 8 
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Antagonist Pathogen Percentage Inhibition 
PDA TWA SEA MWA 
K61 F. culmorum 0 27 3 6 
Mnivale 4 72 32 18 
GL-21 F. culmorum 39 33 41 25 
M. nivale 45 65 45 27 
J76 F. crrlmorum 0 0 0 0 
Mnivale 136 0 0 125 
ME I F. culmorum 0 0 0 0 
Mnivale 37 0 29 0 
MH2 F. culmorum 1 0 0 0 
M. nivale 38 0 0 0 
TM I F. culmorum 24 15 19 46 
M. nivale 43 0 24 35 
TM2 F. culmorum 17 0 0 0 
M. nivale 31 0 24 38 
TM3 F. culmorum 34 0 5 17 
M. nivale 39 0 15 18 
TM4 F. culmorum 3 9 0 0 
Mnivale 43 11 13 0 
TM5 F. culmorum 101 0 0 26 
Mnivale 25 0 24 65 
TM6 F. culmorum 0 0 18 8 
M. nivale 33 0 0 0 
TM7 F. culmorum 0 0 7 0 
Mnivale 32 0 0 0 
G. roseum (PL 1) F. culmorum 0 0 0 0 
M. nivale 0 3 10 0 
' NT, not tested; K61=Streptomyces griseoviridis ("Mycostop"); GL-21 =Gliocladium virens; 
MH1, MH2, TM1 - TM7 = fungal isolates from wheat seed and seedlings. 
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Table 3.3. Colony interactions between Fusarirrm culmorum and fungal antagonists in dual 
culture on potato dextrose agar (PDA), tap water agar (TWA), soil extract agar (SEA) and 
milled wheat agar (MWA) at 20°C. 
Antagonist Colony Interaction 
PDA TWA SEA 1MMWA 
Trichoderma harzianum 3a 3 3 3 
T. koningii 1 3 1/2 1 
T. piluliferum 3 3 3 4 
T polysporum 3 3 3 4 
T. viride 1 1 /2 3 1 
Gliocladium roseum 3* 3* 3* 3* 
G. catenulatum 3* 3* 3* 3* 
Idriella bolleyi 2 3 3 3 
Chaetomium globosum 2/1 3 1/2 2/1 
Pythium oligandrum 1 3 3 3 
K61 4 4 4 4 
GL-21 1 1 1 1 
J76 2 3 3 1/2 
MH1 2/1 2/1 2/1 2/1 
MH2 2/1 2/1 2/1 2/1 
TMI 1 3 3 1 
TM2 3 2/1 3 3 
TM3 1 3 3 3 
TM4 1 3 3 2 
TM5 1 3 3 3 
TM6 1 3 3 1 
TM7 3` 3 3 2 
Groseum (PL11 2/1 3 3 3 
' Interaction coding: 1, antagonist overgrowing pathogen and pathogen stopped; 1/2, 
antagonist overgrowing pathogen but pathogen still growing; 2/1, pathogen overgrowing 
antagonist but antagonist still growing; 2, pathogen overgrowing antagonist and antagonist 
stopped; 3, both colonies stopped growing with neither overgrowing the other; 3', small zone 
of inhibition (s2mm diameter); 4, zone of inhibition >4mm diameter. 
K61 =Streptomyces griseoviridis ("Mycostop"); GL-21 =Gliocladium virens; J76 =Finnish 
fungal isolate; MH1, MH2 and TMI - TM7 = fungal isolates from wheat seed and wheat 
seedlings. 
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Table 3.4. Colony. interactions between Microdochium nivale and fungal antagonists in dual 
culture on potato dextrose agar (PDA), tap water agar (TWA), soil extract agar (SEA) and 
milled wheat agar (MWA) at 15 ° C. 
Antagonist Colony Interaction 
PDA TWA SEA MWA 
Trichoderma harzianum 3'' 3* 1/2 3 
T. koningii 1 3' 3 1 
T. piluliferum 4 3 1/2 1 
Tpolysporum 1 3 1 3 
T. viride 1 3 1 1 
Gliocladium roseum 1 1 /2 1 1 
G. catenulatum 1 3' 3 1 
Idriella bolleyi 3 3 3 3 
Chaetomium globosum 3 3 1/2 3 
Pythium oligandrum 1 1 /2 1 /2 1 
K61 4 4 4 4 
GL-21 1 1 1 1 
J76 1 3 3 1 
MH1 1 2/1 3 1/2 
MH2 1 3 1/2 3' 
TM1 1 3 3 1 
TM2 1 3 3 1 
TM3 1 3 3 1 
TM4 1 1/2 1/2 1/2 
TM5 1 3 3 3 
TM6 1 1/2 1/2 3 
TM7 4 3 3 1 
G. roseum (PL 1) 2/1 1 /2 1 /2 3 
' Interaction coding: 1, antagonist overgrowing pathogen and pathogen stopped; 1/2, 
antagonist overgrowing pathogen but pathogen still growing; 2/1, pathogen overgrowing 
antagonist but antagonist still growing; 3, both colonies stopped growing with neither 
overgrowing the other; 3*, small zone of inhibition (s2mm diameter); 4, zone of inhibition 
>4mm diameter. 
K61 =Streptomyces griseoviridis ("Mycostop"); GL-21 =Gliocladium virens; J76 =Finnish 
fungal isolate; MH1, MH2 and TM1 - TM7 = fungal isolates from wheat seed and wheat 
seedlings. 
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Hyphal interactions 
The effects of antagonists on hyphae of Firsarium culmorum and Microdochium nivale 
during growth in dual culture are shown in Tables 3.5 and 3.6. The frequency of occurrence 
of different hyphal interactions in each dual culture was estimated. 
Granulation of pathogen hyphae and coiling of antagonist hyphae were the interactions 
most commonly observed; their frequency of occurrence did not appear to be affected by the 
type of medium. Two types of coiling were seen: (i) loose coiling of antagonist hyphae on the 
surface of the pathogen by, for example, Trichoderma viride, T. polysporum and TM7 in dual 
culture with F. culmorum and J76 and TM6 with M. nivale, and (ii) tight coiling of antagonist 
hyphae around the pathogen by, for example, Pythium oligandrum, TM2 and TM3 around 
F. culmorum hyphae and Trichoderma harzianum, TM2 and TM3 around M. nivale hyphae. 
Chand and Logan (1984) observed similar differences in type of coiling of antagonist hyphae 
in their work on interactions between Rhizoctonia solani and various antagonist 
microorganisms. 
Lysis was observed in only a few cases. TM2 and Trichodermapolysporum brought 
about lysis of F. culmorum hyphae only (Table 3.5). Pythium oligandrum and J76 lysed 
Mnivale hyphae and TM1 caused hyphal lysis of both pathogens. PDA was the only medium 
on which lysis occurred and it was suggested by Whipps (1987) that this may be related to a 
greater production of antibiotics on nutrient rich agar. 
Penetration of pathogen by antagonist hyphae was the interaction most rarely observed. 
Five of the test fungi, Chaetomium globosum, Gliocladium roseum (IMI 040222), Pythillm 
oligandrum, TM5 and TM7 penetrated and grew within pathogen hyphae. This type of 
interaction was observed most frequently with P. oligandraim: the fungus penetrated both 
F. culmorum and M. niivale hyphae on 3 media. Whipps (1987) and Laing and Deacon (1991) 
also observed a high frequency of penetration of host fungi by P. oligandrum. 
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Table 3.5. Effects of antagonists on hyphae of Fusarium culmorum caused by antagonists 
during growth in dual culture on potato dextrose agar (PDA), tap water agar (TWA), soil 
extract agar (SEA) and milled wheat agar (MWA) at 20°C. 
Antagonist Hyphal Effect 
PDA TWA SEA MWA 
Trichoderma harzianum Ge c Gc gc GC 
T. koningii g - gC GC 
T. piluliferum gc c c c 
T. polysporum GCI c gC C 
T. viride GC gC - gC 
Gliocladium roseum G g g Gcp 
G. catenulatum - gC C gC 
Idriella bolleyi - - C - 
Chaetomium globosum GCA - gC g 
Pythium oligandrum Cp c cP GCP 
K61b G G G G 
GL-21 a gC c - 
J76 c gC gc gC 
MHI - - c - 
MH2 gc - - c 
TM1 cl gc GCa GC 
TM2 CL gc Gc GC 
TM3 CA GCA Gc Gc 
TM4 - gc c - 
TM5 gcp c gC C 
TM6 - - gc c 
TM7 GCp GCp gc g 
G. roseum (PL 1) - g ýR 
gc 
' Interactions observed on day' after contact: g, granulation and vacuolation of pathogen 
hyphae; c, coiling by antagonist hyphae on pathogen surface or around individual hyphae; p, 
penetration of pathogen hyphae by antagonist; 1, lysis of hyphae of pathogen; a, abnormal 
branching of pathogen; - no effect observed. 
Frequency of occurrence is indicated by letters in: capitals = frequent; lower case = occasional. 
b K61 = Streptomyces griseoviridis ("Nlycostop"); GL-21 = Gliocladium virens; J76 =Finnish 
fungal isolate; MHl, MH2 and TM1 - TM7 = fungal isolates from wheat seed and stem bases. 
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Table 3.6. Effects of antagonists on hyphae of Microdochium nivale caused by antagonists 
during growth in dual culture on potato dextrose agar (PDA), tap water agar (TWA), soil 
extract agar (SEA) and milled wheat agar (MWA) at 15 ° C. 
Antagonist 
PDA 
Hy 
TWA 
phal Effect 
SEA MWA 
Trichoderma harzianum c' gC C Ca 
T. koningii a - gc gc 
T. pihilifenim cA c - c 
T. polysporum GC a c Gc 
T. viride gC c Gc c 
Gliocladium roseum G G G GC 
G. catemilatum - - - - 
Idriella bolleyi c c - c 
Chaetomium globosum Gc Ga g gCp 
Pythizim oligandrum cPL C c c 
K61b G G Gc Ga 
GL-21 c gC - Gc 
J76 Gcl g c GC 
MHI - - - c 
MHZ - c - c 
TM1 cL GC gCA g 
TM2 C GC C GC 
TM3 GC g Gc ca 
TM4 - - c c 
TM5 C - - GC 
TM6 C - - - 
TM7 - gc c gC 
G. roseum (PL1) - GC GC R 
' Interactions observed on day after contact: g, granulation and vacuolation of pathogen 
hyphae; c, coiling by antagonist hyphae on pathogen surface or around individual hyphae; p, 
penetration of pathogen hyphae by antagonist; 1, lysis of hyphae of pathogen; a, abnormal 
branching of pathogen; -, no effect observed. 
Frequency of occurrence is indicated by letters in: capitals = frequent; lower case = occasional. 
b K61 = Streptomyces griseoviridis ("Mycostop"); GL-21 = Gliocladium virens; J76 =Finnish 
fungal isolate; MH1, MH2 and TM1 - TM7 = fungal isolates from wheat seed and stem bases. 
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3.2.2.2 Bacterial antagonists 
In dual culture with Fusarium culmorum and Microdochium nivale, each bacterial 
species produced diffusible inhibitory metabolites on several agar media which arrested mycelial 
growth of pathogen and resulted in the formation of clear inhibition zones (Tables 3.7 and 3.8; 
Figure 3.2). BL2 was the most effective antagonist against both F. culmorum and Mnivale, 
giving mean percentage inhibition values of 41% and 34% respectively; wide zones of inhibition 
were also recorded. Moderate degrees of inhibition (mean percentage inhibition of 10% - 20%) 
were also displayed by BL3 and Erwinia herbicola. Of the six bacterial species tested, Bacillus 
brevis and BL1 performed least well giving mean percentage inhibition values of less than 10%. 
In general, there was correlation between the mean percentage inhibition of mycelial 
growth of pathogen by a specific antagonist and the mean width of inhibition zone produced. 
In the case of B. brevis dual cultures, however, the comparatively wide inhibition zones did not 
correspond with the low values of percentage inhibition. It is suggested that the large zones of 
inhibition recorded in this case, may reflect a retardation of growth of the antagonist rather than 
inhibition of the pathogen per se. 
The degree of inhibition of pathogen by specific antagonists was affected by the type 
of medium (Figure 3.2; Tables 3.7 and 3.8). BL1 and BL3 caused relatively high degree of 
inhibition across all five media tested but in general, percentage inhibition values for each of 
the bacteria tended to be higher on the more nutrient rich agars and , 
in particular, on PDA. 
This tendency may be related to the increased bacterial colony growth observed on PDA and 
NA; bacterial development on the lower nutrient media, TWA, SEA and MWA, was limited. 
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Table 3.7. Percentage inhibition of radial growth of Fusarium culmorum and Microdochium 
nivale by bacterial isolates when grown in dual culture on potato dextrose agar (PDA), tap 
water agar (TWA), soil extract agar (SEA), milled wheat agar (MWA) and nutrient agar (NA). 
For statistical analyses refer to Appendix 2. 
Antagonist Pathogen Percentage Inhibition of Pathogen 
PDA TWA SEA MWA NA 
Bacillus brevis F. culmorum 20 0 2 0 2 
Mnivale 9 1 3 13 0 
Erwinia F. culmorum 38 5 5 4 5 
herbicola 
M. nivale 47 17 6 0 15 
Pseudomonas F. culmorum 3 22 0 3 17 
corrugata 
Mnivale 23 10 0 3 9 
BLP F. culmorum 0 2 0 7 3 
Mnivale 5 2 0 0 5 
BL2 F. culmorum 59 27 30 50 41 
Mnivale 39 1 31 64 36 
BL3 F. culmorum 37 20 5 4 33 
Mnivale 31 9 13 4 3 
' BL1 -BL3 = unidentified bacterial isolates from wheat stem bases. 
70 
Table 3.8. Width of zone of inhibition (mm) formed when bacterial antagonists were plated in 
dual culture with Fusarium culmorum and Microdochium nivale on potato dextrose agar 
(PDA), tap water agar (TWA), soil extract agar (SEA), milled wheat agar (MWA) and nutrient 
agar (NA). For statistical analyses refer to Appendix 3. 
Antagonist Pathogen Width of inhibition zone (mm) 
PDA TWA SEA MWA NA 
Bacillus brevis F. culmorum 9 7 8 2 0 
Mnivale 5 5 12 2 18 
Erwinia F. culmorum 14 8 6 1 7 
herbicola 
M. nivale 3 11 6 0 10 
Pseudomonas F. culmorum 1 0 0 4 0 
corrugata 
Mnivale 4 2 0 1 0 
BL1' F. culmorum 2 0 0 3 0 
M. nivale 2 0 0 0 2 
BL2 F. culmorum 5 12 12 14 4 
Mnivale 4 9 14 15 9 
BL3 F. culmorum 12 13 8 3 1 
M. nivale 11 4 14 0 5 
' BLl - BL3 = Unidentified bacterial isolates from wheat stem bases. 
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3.2.3 Discussion 
The degree of inhibition of the pathogen by specific antagonists was affected by the type 
of nutrient medium used. The different nutrient concentrations in the four or five media resulted 
in variations in the growth rates of both organisms, the production of inhibitory metabolites, 
competition between pathogen and antagonist and mycelial interactions. 
Various types of mycoparasitic interactions were observed in dual culture. The presence 
of clear inhibition zones between pathogen and antagonist colonies indicated that diffusible 
antifungal compounds were produced, which were effective in arresting growth of Fusarium 
culmorum and Microdochium nivale. These compounds may be antibiotics as in the case of 
Trichoderma species (Dennis and Webster, 1971a, b; Dunlop et al., 1989), Gliocladium 
species (Papavizas, 1985), Chaetomium species (Tveit and Wood, 1955), Streptomyces species 
(Lahdenperä, 1991) and Bacillus brevis (Murray et al., 1986) or cell wall degrading enzymes, 
as in the case of Gliocladium roseum (Pachenari and Dix, 1980) and G. catenulatum (Huang, 
1978). 
The coiling of antagonist hyphae around, and their subsequent penetration into, hyphae 
of the pathogen was also a strong indication that mycoparasitism was involved. Pythium 
oligandnim, Gliocladium roseum (IMI 040222), Chaetomium globosum, TM5 and TM7 
clearly demonstrated this type of interaction. 
In order to increase the ecological significance of the in vitro screen, dual cultures were 
performed on five different agar media which provided a range of nutrient concentrations. 
Potato dextrose agar (PDA) and nutrient agar (NA) were included as high nutrient, defined 
media; soil extract agar (SEA) and milled wheat agar (MWA) were designed to represent more 
"natural, " lower nutrient conditions based on possible target areas for F. culmorum and 
M. nivale in the environment; tap water agar (TWA) was included as a nutrient poor medium. 
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The results emphasize the importance of the choice of media for in vitro screening. Whipps 
(1987) stated that no single medium can represent all the possible antibiotic-growth- 
mycoparasitic interactions that can occur and this is reflected in the results of the in vitro screen 
(Tables 3.3 and 3.4). Trichoderma pit ulifenim in dual culture with Microdochium nivale, for 
example, displayed different colony interactions on each of the four media: antibiosis occurred 
on the nutrient rich PDA, on TWA there was mutual inhibition of antagonist and pathogen, on 
SEA the antagonist overgrew the pathogen but the pathogen was still growing, and on MWA 
T. piluliferum outcolonised Mnivale. Results may be affected in a similar manner by factors 
such as temperature, pH and water potential. 
In dual culture, antagonists tended to be more effective against Microdochium nivale 
than against Fusarium culmorum. The in vitro screen was designed to test antagonist isolates 
stringently and therefore incubation temperatures were selected to give optimal growth of each 
pathogen. In growth rate experiments (data not shown), F. culmorum displayed optimal growth 
at 20 ° C, while growth of M. nivale was most rapid at 15 ° C. F. culmorum is a relatively fast 
growing species on agar and at 20°C, this fungus rapidly overgrew the agar plates. To be 
effective therefore against F. culmorum in dual culture, a potential antagonist would have to be 
able to compete successfully with this fast growing pathogen for nutrients and space. The 
enhanced inhibitory effect by antagonists against M. nivale may reflect the less rapid growth of 
this pathogen. 
In an experiment which investigated the effect of type of agar medium and incubation 
temperature on the growth rates of F. culmorum and Mnivale (data not shown), it was 
observed that growth of M. nivale on SEA was comparatively slow. TWA and SEA are both 
relatively poor in nutrients and similar antagonistic effects would be expected therefore on the 
two media. In many cases, however, comparatively high percentage inhibition values were 
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recorded in dual cultures by specific antagonists against Mnivale on SEA where no 
corresponding level of inhibition was displayed on TWA. The antagonist isolates may have been 
at a competitive advantage on SEA where growth rate of M. nivale was reduced. 
High values of percentage inhibition tended, in general, to result from dual cultures 
which exhibited a Type 1 interaction. This type of interaction represented those antagonist 
isolates which were able to grow rapidly and overgrow the pathogen colony; occurrence was 
most frequent on higher nutrient agars (PDA/MWA). 
Interactions whereby inhibition of the pathogen was caused by production of diffusible 
antifungal compounds resulting in the formation of inhibition zones, were termed Type 4 and 
Type 3`. Although completely arresting growth of pathogen in a localized area surrounding the 
antagonist colony, Type 4 and 3* interactions did not always register a positive value of 
percentage inhibition using the method of calculation employed in this work (see Equation 3.1). 
By this method, positive values for percentage inhibition of pathogen are obtained only when 
the inhibition value (R2 of the equation) is greater than the control value (x) i. e. when radial 
growth of the antagonist exceeds the distance grown by the pathogen in the control plates (in 
general, approximately half the distance between the inoculation points of the 2 
microorganisms). Thus, although it may be visibly obvious in such cases that the antagonist can 
effectively inhibit pathogen growth, a low or zero value of percentage inhibition may be 
recorded in Table . An example where low percentage inhibition values are recorded 
for a 
clearly effective antagonist organism was K61. Growth of this Streptomyces species in dual 
culture was limited on most media but definite inhibition of F. culmorum and M. nivale occurred 
at a distance with a zone of inhibition being formed between the two colonies. Thus in cases 
such as these, it would have been preferable to judge antagonism by the method used for 
assessing the bacterial antagonists (Fokkema, 1973). Rather than basing the effectiveness of 
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an antagonist solely on its ability to inhibit radial growth, it would have been appropriate to 
include a second parameter which determined the width of any inhibition zone produced by 
antagonist. 
Each bacterial isolate produced diffusible inhibitory metabolites on several agar media 
which arrested growth of Fusarium culmorum and Microdochium nivale and resulted in the 
formation of clear inhibition zones. When testing for bacterial antagonism, the bacterial species 
were inoculated onto agar plates four days prior to inoculation with pathogen thus allowing the 
bacteria to become established in the absence of the faster growing fungal pathogens. In a 
preliminary experiment in which bacterial antagonists and the pathogens were inoculated at the 
same time, no positive inhibition values were recorded: the fungal pathogens overgrew the agar 
plates in the vast majority of dual cultures before any detection of inhibition zones was possible. 
When inoculation of pathogen was delayed however, zones of inhibition were formed in over 
90% of dual cultures. 
Kempf and Wolf (1989) reported in vitro activity of Erwinia herbicola against 
F. culmorum in dual culture on tryptic soy agar (TSA). Murray et aL (1986) observed that on 
agar plates amended with Gramicidin S, an antibiotic produced by Bacillus brevis, growth of 
M. nivale was completely inhibited at gramicidin S concentrations of 50µmo1 and higher. These 
two bacteria were included in the screen as known antagonists. The in vitro screen indicated 
that BL2 and BL3, unidentified bacteria isolated from wheat stem bases, were more effective 
in inhibiting growth of F. culmorum and M. nivale than the previously known antagonists. BL2 
and BL3 displayed consistently high inhibition values even on the "natural" and low nutrient 
media (MWA, SEA and TWA) with pathogen development much restricted. The action of the 
bacterial isolates was affected considerably by the type of agar. On the nutrient rich PDA and 
NA, bacterial growth was good and all isolates, except BLI, caused moderate inhibition of 
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radial mycelial growth of pathogen. On the other media (TWA, SEA and MWA) bacterial 
colony development was, in general, very limited. The results obtained indicated that each of 
the bacteria tested has the potential, under certain conditions, to inhibit growth of both 
F. ccrlmonrm and M. nivale in agar culture. The inability of the bacterial antagonists to compete 
in terms of growth rate with the fungal pathogens and their reluctance to grow on the lower 
nutrient agars would suggest however, that their potential to control F. czilmorum and M nivale 
and compete with the existing microflora in the natural environment could be limited. 
On the basis of the in vitro screen it was decided to carry forward the following 
microorganisms for inclusion in in vivo seedling tests: 
Trichoderma koningii, T. piluliferum, T. viride, TM! and TM5 which strongly inhibited 
both Fusarium culmonim and Microdochium nivale on all media included in the screen; 
Idriella bolleyi and G. roseum (PLI) which displayed antagonism on nutrient poor media (TWA 
and SEA); commercial strains, "Mycostop" (K61), GL-21 (Gliocladium virens) and J76; 
Gliocladium roseum (IMI 040222) and G. catenulatum were also selected for inclusion in the 
in vivo screen: although neither species showed antagonistic activity in vitro against 
F. culmorum, percentage inhibition of Midvale was very high. Bacillus brevis was included in 
order to observe how the bacterial isolates might behave in vivo. 
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3.3 IN VIVO SCREENING OF ANTAGONISTS AGAINST FUSARIUM 
CULMOR UM AND MICRODOCHI UM NI YALE 
3.3.1 Materials and Methods 
3.3.1.1 Inoculation of seed 
For detailed procedure see General Methods. 
Winter wheat seed (Triticum aestivum L., cv. Mercia) was surface sterilised. A 5g sample of 
seed was removed and placed in a sterile Universal tube; this sample received no further 
treatment (Healthy Control). The remainder of the seed was inoculated with a spore suspension 
of the appropriate pathogen (i. e. Fusarium culmorum or Microdochium nivale). The surface 
of the seed was allowed to dry and the seed lot divided into 5g samples. One sample received 
no further treatment (Inoculated Control). The remaining samples were treated with test 
antagonist inocula at the rates given in Tables 3.9 and 3.10. Twelve different seed treatments 
were tested in the F. culmorum trial, ten in the M. nivale trial. The F. culmorum trial was 
conducted first and the four least effective treatments were omitted from the subsequent trial 
against M. nivale. Two additional treatments however were included for testing against 
Mnivale: a formulated preparation of J76 and a spore suspension preparation of Gliocladium 
roseum (PL1 isolate). The fungal antagonists were applied to the seed as spore suspensions, 
Bacillus brevis was applied as a liquid culture in nutrient broth (NB) and "Mycostop" (K61) 
(Anon., 1990) and the formulated preparation of J76 were applied in a powder form at the 
recommended rates. 
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Table 3.9. Rates of application of inocula to seed in Fusarium culmorum trial 
Isolate Identity Isolate Code Application Rate 
Firsarium culmorum - 4.0 x 103 spores/g 
Trichoderma koningii TK 6.0 x 104 spores/g 
T. piluliferum TP 6.0 x 10; spores/g 
T. viride TV 6.0 x 104 spores/g 
Idriella bolleyi IB 6.0 x 104 spores/g 
Gliocladium roseum (III 040222) GR 6.0 x 104 spores/g 
G. catenulatum GC 6.0 x 104 spores/g 
TM1 TM1 6.0 x 104 spores/g 
TM5 TM5 6.0 x 104 spores/g 
J76 J76 6.0 x 104 spores/g 
"Grace" (Gliocladium virens) GL-21 6.0 x 104 spores/g 
"Mycostop" K61 2 g/kg 
Bacillus brevis BB 1.5 x 106 efu/a 
Table 3.10. Rates of application of inocula to seed in Microdochium nivale trial. 
Isolate Identity Isolate Code Application Rate 
Microdochium iiivale '4.0 
x 10; spores/g 
Trichoderma koningii TK 6.0 x 104 spores/g 
T. viride TV 6.0 x 104 spores/g 
Gilocladium roseum (IMI 040222) GR 6.0 x 10; spores/g 
G. catenulattim GC 6.0 x 104 spores/g 
Idriella bolleyi IB 6.0 x 104 spores/g 
TM5 TM5 6.0 x 104 spores/g 
G. roseum (PLI) PLI 6.0 x 104 spores/g 
J76 (spore suspension) J76 6.0 x 104 spores/g 
J76 (formulated application) J76F 6.0 x 104 cfu/g 
"MvcostoD" K61 2 a-/k2 
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3.3.1.2 Sowing of seed 
Inoculated wheat seed was sown in unsterile horticultural vermiculite (Sinclair 
Horticultural & Leisure p1c, Lincoln, UK) in quarter seed trays (165mm x 95mm, George Ward 
(Moxley) Ltd., West Midlands, UK) at a rate of 20 seeds/tray. Each treatment was replicated 
3 times. Trays were placed in a randomized block design in a controlled environment cabinet 
(Conviron, Canada). The F. culmonrm trial was maintained at 20"C, the M nivale trial at 15°C 
with both at 60% humidity with a 10 hour light/14 hour dark cycle for 4 weeks. Trays were 
watered daily to constant weight with a solution of Phostrogen (lg/1; Phostrogen Ltd., Corwen, 
Clwyd, UK) in distilled water applied with a fine spray. 
3.3.1.3 Examination of seedlings 
The number of seedlings emerging was recorded daily. Seedlings were harvested after 
4 weeks. The values calculated for each seed tray were: (1) the number of plants emerged and 
(2) the number of plants killed after emergence (post-emergence death). 
3.3.1.4 Assessment of disease 
Plants were scored for disease development using the scheme described by Millar and 
Colhoun (1969b). Seedlings were divided into 5 categories according to the disease symptoms 
present: 
Symptoms of Disease Value 
None 0 
Browning present but not at base of coleoptile 1 
Browning at base of coleoptile 2 
Plants killed after emergence above soil level 3 
Seed ungerminated or seedling non-emergent 4 
The number of seedlings in each category per tray was multiplied by the appropriate 
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value and the categories were added together to give the total disease score. The mean of the 
three replicate treatments was calculated to give mean total disease score per tray. 
Pre-emergence death, post-emergence death and disease score results were analysed 
by Analysis of Variance (ANOVA) using Genstat 5, Release 3.1 (Lawes Agricultural Trust, 
Rothamsted Experimental Station, 1993). 
3.3.1.5 Isolation of fungal/bacterial species from seedlings 
Coleoptile segments were surface sterilised and plated onto PDA plates (see General 
Methods) and the percentage recovery of fungal/bacterial species from the stem bases from 
each treatment was determined. 
3.3.2 Results 
3.3.2.1 Fusarium culmorum treated seed 
Treatment of seed with each of the 12 potential antagonists increased final percentage 
emergence of wheat seedlings significantly over the Inoculated Control (F. culmorum only) 
(Table 3.11). Nine of the 12 antagonists (75%) increased emergence by at least 50%. (Table 
3.11). 
Eight of the 12 antagonists had values of post-emergence death significantly lower than 
that of the Inoculated Control (Table 3.11). Four of those treatments (G. roseum (IMI 040222), 
G. catenulatum, I. bolleyi and J76) caused an average reduction of more than 80%. No post- 
emergence death was recorded in seedlings resulting from seeds inoculated with G. catenulatrim 
and J76. 
Some disease symptoms, due to attack by F. culmorum, appeared in seedlings 
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developing from uninoculated seed (Healthy Control) (Figure 3.3). F. culmorzim was isolated 
from 38% of Healthy Control coleoptile segments when plated onto agar at the end of the trial 
and a mean disease score of 20 was recorded (Figure 3.3). 
Inoculated control seedlings displayed characteristic symptoms of Fusarium seedling 
blight. F. culmorum was isolated from 83% of surviving plants and a mean disease score of 69 
was recorded. The degree of infection was more limited in terms of emergence, post-emergence 
death and stem base browning in seedlings arising from seeds treated with preparations of 
antagonists. Four antagonists, G. roseum (IMI 040222), G. catenulatum, Idriella bolleyi and 
J76 caused an average reduction in disease of at least 55% when compared with the Inoculated 
Control. Treatment of seed with the three Trichoderma species, K61, TM5 and GL-21 
significantly decreased the degree of stem base browning over that of the Inoculated Control 
causing reductions in disease of between 23% and 46%. Bacillus brevis and TM1 had no effect 
on the development of stem base browning. 
From seedlings arising from seed inoculated with G. roseum (III 040222), 
G. catenulatum and J76, percentage recovery of antagonist from stem bases was higher than 
that of the pathogen, F. culmorum. For all other treatments, F. culmorum was recovered from 
a higher percentage of stem bases than was the antagonist. Bacillus brevis was not recovered 
from stem bases when plated on PDA. 
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Table 3.11. Effect of different biological control agent treatments on wheat seedling infection 
caused by Fusarium culmorzum as measured by final emergence of seedlings (maximum = 20) 
and the number of seedlings which died post-emergence. Mean values of 3 replicates are 
recorded. 
Treatment Final Emergence Post-Emergence Death 
Healthy Control 18 0 
Inoculated Control 6 3 
Trichoderma koningii 13 3 
T. pilulifensm 14 3 
T. virile 15 2 
Gliocladium roseum 19 0 
G. catenulatum 17 0 
Idriella bolleyi 16 1 
GL-21' 13 4 
K61 13 2 
J76 19 0 
TM1 9 3 
TM5 15 2 
Bacillus brevis 10 3 
Least significant difference 3.22 2.63 
LSD)" 
GL-21 = Gliocladium wrens ("Grace"); K61= Streptomyces griseoviridis ("Mycostop"); J76 
= Finnish fungal isolate; TM1 and TM5 = unidentified fungal isolates from wheat stem bases. 
Least significant difference between treatment means at P>0.05. 
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3.3.2.2 Ziicrodochium nivale treated seed 
Treatment of seed with the test biological control preparations did not affect the final 
emergence of seedlings (Table 3.12). Very little pre-emergence death of seedlings was observed 
in any of the treatments; 97% of the seedlings in the Inoculated Control treatment emerged. 
The number of seedlings killed after emergence (post-emergence death) was also very 
low in all treatments (Table 3.12). No post-emergence death was observed in five of the twelve 
treatments and the maximum value of post-emergence death, in the Trichoderma koningii and 
K61 treatments, was only 3%. 
Some symptoms, due to attack byM. nivale, appeared in seedlings developing from 
uninoculated seed (Healthy Control). M. nivale was isolated from 40% of coleoptile segments 
when plated on agar at the end of the experiment and a mean disease score of 16 was recorded 
(Figure 3.4). 
The Inoculated Control treatment displayed disease symptoms characteristic of 
Fusarium seedling blight. Mnivale was isolated from 80% of coleoptile segments and a mean 
disease score of 37 was recorded (Figure 3.4). 
Four of the treatments (Trichoderma viride, Idriella bolleyi, TM5, K61) showed a 
degree of stem base browning that was not significantly different from that of the Inoculated 
Control and M. nivale was isolated from 53%, 33%, 67% and 73% respectively of coleoptile 
segments. 
Treatment of seed inoculated with M. nivale with preparations of six of the ten 
antagonists tested appeared to limit the degree of seedling infection in terms of stem base 
browning. G. roseum (PL1) and T. koningii significantly reduced the degree of stem base 
browning when compared with the Inoculated Control, by 32% and 30% respectively. The four 
most effective treatments were Gliocladium roseum (IMI 040222), G. catenulatum and the 
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spore suspension application and formulated preparation of J76. Each of these treatments 
caused an average reduction in disease of at least 50% when compared with the Inoculated 
Control and Mnivale was recovered from 13% of G. roseum (IMI 040222) stem bases and 
from only 0.1% of G. catemilatzrm and J76 treatments. Treatment of seed with each of the J76 
preparations resulted in a lower disease score than was recorded for the Healthy Control. All 
antagonist species except K61 were recovered when coleoptile segments were plated on agar 
and, in all but three cases (i. e. TM5, G. roseum (PL1), K61), the antagonist species was isolated 
from a higher percentage of stem bases than was the pathogen. 
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Table 3.12. Effect of different biological control agent treatments on wheat seedling infection 
caused byMicrodochium nivale as measured by final emergence of seedlings and the number 
of seedlings which died post-emergence. Mean values of 3 replicates are recorded. 
Treatment Final Emergence Post-Emergence Death 
Healthy Control 19 0 
Inoculated Control 19 0 
Trichoderma koningii 20 1 
T. viride 19 0 
Gliocladium roseum (IMI 040222) 20 0 
G. catenulatum 20 0 
Idriella bolleyi 19 0 
TM52 19 0 
G. roseum (PL 1) 19 0 
J76 (spore suspension) 20 0 
J76 (formulated application) 20 0 
K61 19 1 
Standard error of the difference 0.56 0.36 
(SED) P>0.05 
a TM5 = unidentified isolate from wheat stem base; J76 = Finnish fungal isolate; K61 = 
Streptomyces griseoviridis ("Mycostop"). 
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3.3.3 Discussion 
The primary aim of this investigation was to examine the field potential of those 
biological control agents (BCAs) selected from the in vitro screen and to make a further 
selection of the most promising antagonists to carry forward to field trials and more detailed 
study. The in vivo trial was designed to test potential antagonists in a stringent manner. 
Fusarizim culmorum inoculum was applied at a rate of approximately 200 spores per seed and 
at this concentration, development of disease was very high: 68% of seeds did not emerge and 
of those that did, 52% died soon after emergence. The five antagonists which proved to be 
most effective in the control of F. culmorum were Gliocladium roseum (IMI 040222), 
G. catenulatzim, J76, Idriella bolleyi and TM5. All ranked consistently high in terms of their 
high final percentage emergence of seedlings and their low percentage post-emergence death 
and disease score. The ability to control F. culmorum was similar for each of the Trichoderma 
species tested: T. viride was the most promising of the three species, T. koningii performed least 
well. The two commercial strains included in the screen, "Mycostop" (K61) and GL-21 
(Gliocladium virens) increased final emergence by 67 and 65% respectively when compared 
with the Inoculated Control and they also caused reductions in the percentage post-emergence 
death and in disease severity. In general, however, these treatments were not as effective as 
those referred to above. TM1 and Bacillus brevis did give a significant increase in final 
percentage emergence over the Inoculated Control but compared with the other treatments, 
efficacy against F. crrlmonim was poor. B. brevis was not recovered from stem bases at the end 
of the experiment nor was it recovered from newly inoculated seed; its poor performance, 
therefore, may have been due to a failure of the inoculation procedure itself or an inability of 
the bacterium to survive and establish on the seed. 
Microdochium nivale spores were applied at a higher rate than F. culmorum (i. e. at 
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approximately 2000 spores per seed) but the overall degree of disease observed was 
considerably less in terms of pre- and post-emergence death and the development of stem base 
browning. In the Mnivale trial, the values of final percentage emergence and the percentage 
of post-emergence death (97% and 2% respectively) were not significantly different, under the 
Student's t-test, from any of the other treatments. The mean disease score recorded for the 
M. nivale Inoculated Control (37) was approximately half the value of that seen in the 
Inoculated Control of the F.. culmorum trial. The low disease severity observed in the M. nivale 
trial may have masked the effects of the antagonist. The four treatments which proved to be 
most effective in the control of Mnivale were Gliocladium roseum (IMI 040222), 
G. catenzulatum and the spore suspension and formulated preparations of J76; stem base 
browning symptoms were reduced by between 54% (G. catenulatum) and 91% (formulated 
J76) with respect to the Inoculated Control. The G. roseum (PL1) and Trichoderma koningii 
treatments reduced the development of disease by approximately a third but the remaining four 
treatments: K61, Idriella bolleyi, TM5 and T. viride were not effective in reducing the 
development of disease. 
Some symptoms due to attack by Fusarium culmorum or Microdochium nivale 
appeared in seedlings developing from uninoculated seed (Healthy Control). This infection may 
have arisen from a deep seated infection (Bateman, 1983) that was not eradicated when the 
seeds were surface sterilised in 1% hypochlorite solution. 
These two in vivo trials investigated the ability of potential antagonists to control 
seedling blight of wheat caused by either F. culmorum orM. nivale. In general, the ability of 
each antagonist species to control either F. culmorum or Mnivale was similar. Disease control 
by the known antagonists of seed/soil-borne pathogens included in the screen appeared to be 
more effective than that caused by the potential antagonists which had been isolated from wheat 
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seed and stem bases. The three most effective treatments in both the F. culmorum and Mnivale 
trial were identical, i. e. Gliocladium roseum, G. catenulatum and the Finnish isolate, J76. The 
potential of Gliockidium species as biological control agents of fungal plant pathogens has been 
well documented. Knudsen et al. (1992) and Tahvonen and Sorri (1992) reported that isolates 
belonging to the genus Gliocladizim had antagonistic properties against F. ctilmorum in seedling 
assays using barley and spring wheat, and Knudsen et al. (1992) observed that G. roseum 
isolates were particularly effective, reducing disease severity by more than 75%. A similar 
degree of control of F. ciilmorum and Mnivale on winter wheat seedlings by Gliocladizim 
species was seen in this work. The Trichoderma isolates resulted in moderate disease control 
in the F. culmorum seedling assay but against Mnivale, only T. koningii resulted in any 
reduction in disease severity. Idriella bolleyi was very successful at controlling disease caused 
by F. culmorum but against Mnivale, no reduction in disease severity was seen. Two of the 
fungi isolated from wheat stem bases showed some promise: TM5 against F. culmorum and 
G. roseum (PL 1) against M. nivale. 
In vivo seedling assays were designed as a more realistic strategy compared with the 
in vitro experiments, testing the ability of the antagonist to compete with the pathogen in the 
rhizosphere of wheat seedlings. The assays were performed in controlled environment cabinets 
which were programmed to simulate environmental conditions conducive to disease 
development. Against F. culmorum, for example, biological control agents were tested in 
warm/dry conditions; against Mnivale conditions were cool and dry. 
In general, test antagonists which were effective in vitro were also effective in reducing 
disease in seedling tests. In the F. culmorum trial, all potential antagonists carried forward 
increased percentage emergence significantly over the Inoculated Control and all but two, 
significantly reduced the disease score. Results from the in vivo trial suggest that M. n7ivale was 
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more difficult to control than F. culmorum; the opposite appeared to be true in vitro. The 
severity of disease observed in the Mnivale seedling trial, however, was considerably lower 
than that seen in the trial against F. culmorum; this low expression of disease by M. nivale may 
have masked effects of the antagonists tested. In six of the ten treatments against M. nivale, 
however, disease development was significantly lower than that of the Inoculated Control and 
the three most effective treatments against Mnivale on seedlings (Gliocladium catenulatum, 
Grosezim (M 040222) and J76) were also the most effective against this pathogen in the in 
vitro screen. Inadequacies of the in vitro screen, however, were obvious. Gliocladium roseum, 
G. catenulatum and J76 were carried forward from the in vitro screen because of their high 
activity against M. nivale; no antagonism was recorded in vitro against F. culmorum. In the 
seedling tests however, the three species proved to the most promising isolates tested in 
controlling F. culmorum: final percentage emergence values were greater than 85% (compared 
with 32% for the Inoculated Control) and post emergence death was low. Against M. nivale, 
the low performance of Trichoderma viride in seedling trials did not reflect the antagonist's 
behaviour in vitro when very good control of the pathogen was observed on agar. Thus, despite 
the use of a variety of media to provide a range of different conditions, later seedling tests 
suggested that false negatives/positives had been recorded in vitro. Further testing of non- 
antagonistic isolates from the in vitro screen would be required to discover whether more 
discrepancies existed between in vitro agar testing and in vivo seedling assays. 
On the basis of the results from the in vitro and in vivo screens, seven fungal 
antagonists were selected for further study. Ghocladizim rosezim (IMI 040222), G. catefnulatum 
and J76 were the most effective organisms in seedling tests against both Fiisarium culmorum 
and Microdochium nivale. Trichoderma viride and TM5, although showing disappointing 
control ofM. nivale on seedlings, were chosen for their good activity against both pathogens 
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in vitro and their in vivo performance against F. culmorum. G. roseum (PL 1) was also included 
for further study. This fungus was isolated from wheat stem base too late for inclusion in the 
F. culmorum seedling trial but it did display moderate activity against M. nivale both in vitro and 
in vivo. The following chapters describe further in vitro experiments which investigate the 
mode of action of these seven fungal antagonists and further controlled environment seedling 
trials examining their activity under a range of conditions. The organisms were also tested in 
an outdoor trial to determine whether they could display a level of field control of Fusarium 
seedling blight comparable to that which they showed in the in vivo seedling assays. 
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CHAPTER 4 
TESTING OF SELECTED FUNGAL ANTAGONISTS OF FUSARIUM 
CULIVIORUM AND MICRODOCHIUMNIVALE FOR ANTIBIOSIS IN VITRO 
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4.1 INTRODUCTION 
Direct evidence of the importance of antibiosis by microbial antagonists as a mechanism 
involved in disease suppression has been elusive (Fravel, 1988). Production of antibiotics in the 
natural environment has been demonstrated very rarely, even though up to 52% of soil isolates 
may produce inhibitory substances in vitro. The failure to detect antibiotics in various soils 
could be due to their instability in soil, adsorption by soil particles, their low concentrations or 
inadequate nutrient concentrations for secondary metabolism (Williams and Vickers, 1986). 
Advances in genetics/molecular biology have now provided proof that antibiosis is important 
in biocontrol by bacteria and in some cases, established a relationship with other mechanisms. 
The effect of antibiotics produced by bacterial species on the Fusarium seedling blight 
pathogens has been studied by various workers. In vitro work by Chang and Kommedahl 
(1968) indicated that Bacillus siubtilis inhibited growth of F. grmninearum and in 1986, Murray 
et al reported that the antibiotic gramicidin S, produced by B. brevis, prevented Microdochium 
nivale spore germination. Kempf and Wolf (1989) used an antibiosis-negative mutant to prove 
that antibiotic production by a strain of Erwinia herbicola was involved in disease suppression. 
Coating wheat seed with E. herbicola B247 reduced seedling blight by 90% in a glasshouse trial 
but only a part of the reduction in disease could be attributed to antibiosis: the Tn5 mutant 
lacking in vitro antibiosis also suppressed F. culmorum in vivo to some extent. Streptomyces 
species, well known for their ability to produce antibiotics, have been much studied as potential 
bacterial antagonists of Firsarium species and a commercial biological control treatment based 
on S. griseoviridis ("Mycostop") was developed by Kemira in the early 1990s (Lahdenpera, 
1991). S. griseoviridis produces polyene antibiotics in vitro which inhibit growth of 
F. culmorum as well as several other phytopathogenic fungi. HPLC analysis (Raatikainen et al., 
1994) demonstrated that the same group of antifungal antibiotics was produced iii vivo: 
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aromatic heptaene polyenes (ABPs) were detected in steam-sterilised Sphagnum peat after 
treatment with S. griseoviridis. 
The production of antibiotics active against a number of soil-borne plant pathogens by 
species of Trichoderma and Gliocladium was first reported in the 1930s (Brian and 
MacGowan, 1945, Weindling, 1934,1937,1941) and since then, the biological control 
potential of these two fungal genera has been studied extensively. There is evidence for the 
production of two types of antibiotics: non-volatile antibiotics and volatile substances (Dennis 
and Webster, 1971a, 1971b). Little direct work on the control of the Fusarium seedling blight 
pathogens by antibiotics produced by fungi however, has been reported. The importance of 
antibiosis in disease control by fungi has been more difficult to establish than by bacterial 
antagonists. Filamentous fungi are less amenable to genetic manipulation but the use of mutants 
and the characterization of some fungal antibiotics have provided convincing evidence that 
antibiosis is important in some biocontrol systems. Wilhite et al. (1994) investigated the 
production of the antibiotic gliotoxin by Gliocladium virens and its role in the control of 
damping-off in zinnia caused by Pythium ultimum using seven UV-induced gliotoxin-negative 
mutants of the parental strain. On average, the gliotoxin-deficient mutants displayed only 54% 
of the disease-suppressive activity of the wild-type isolate in vivo and experienced an almost 
total loss of antagonistic activity in vitro toward P. ultimum. This strong genetic evidence 
supports the theory that antibiosis plays an major role in the suppression of P. ultimum by the 
antagonistic fungus, G. virens. There is conflicting evidence about the role gliovirin plays in the 
biological control of Rhizoctonia solani by G. virens. Jones et al. (1984) reported that a 
gliovirin-producing isolate of G. virens did not control damping-off or root rot of peanut caused 
by R. solani as effectively as a gliovirin-negative mutant. In contrast, in a study by Howell 
(1987), the production of gliovirin or viridin by mutants of G. virens which were unable to 
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parasitize Rsolani did result in a suppression of damping-off of cotton in field soil. It is evident 
therefore that fungal antagonists, such as G. virens, may act by at least two biocontrol 
mechanisms and, as with bacterial antagonists, the relative importance of each mode of action 
depends on the strain, host, pathogen and conditions used. 
Antibiosis mediated by volatile compounds has received comparatively less attention 
than antibiosis through the production of non-volatile antibiotics. Claydon et al. (1987) 
reported that volatile metabolites (alkyl pyrones) produced by Trichoderma harzianum were 
powerful inhibitors of several fungal species in vitro and, when added to a peat-soil mixture, 
suppressed damping-off of lettuce caused by Rhizoctonia solani. Work by Simon et al. (1988) 
showed that an isolate of T. koningii produced the same alkyl pyrone antibiotics as those 
described by Claydon et aL (1987) and that in vitro inhibition of Gaeumannomyces graminis 
var, tritici and other soil borne pathogens occurred. Ghisalberti et al. (1990) examined the 
variability in pyrone production by different strains of T. harzia, nim and their ability to control 
take-all in wheat (Gaeumannomyces graminis). Two non-pyrone producing strains reduced 
disease but to a much lesser extent than a pyrone-producing strain. This would indicate that 
pyrone production played an important part in the control of take-all but that other mechanisms 
were also involved. One of the non-producing strains showed a host growth promotion effect. 
Research on antibiosis using antibiotic-deficient mutants of both bacterial and fungal 
antagonists therefore has indicated that antibiotic production can play an important role in the 
biological control of plant diseases in vivo but that in general, this is not an exclusive role . 
Antibiosis may act together with competition and/or parasitism. Antibiosis and mycoparasitism, 
for example, could complement each other: production of antibiotics by Trichoderma could 
predispose the host fungus to invasion. 
Several methods for testing the production of antibiotics by fungi have been reported. 
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The classic method of opposing two fungi on agar and measuring a zone of inhibition may give 
an indication of antibiosis but does not determine whether either volatile or non-volatile 
antibiotics, or both, are involved. Cell free filtrates of antagonist liquid cultures have been used 
by many workers to demonstrate the production of non-volatile antibiotics. Tveit and Wood 
(1955) observed a high degree of control of seedling blight in oats caused by Microdochium 
nivale when infected seed was soaked in culture filtrates of Chaetomium cochliodes and 
C. globosum. The production of volatile antibiotics has been investigated using an in vitro 
method in which the test antagonist and pathogen were cultured on two separate plates taped 
together, one inverted over the other (Dennis and Webster, 1971b; Bruce et al., 1984). This 
method has revealed the production of volatile antibiotics by several Trichoderma species with 
inhibitory effects on, for example, Rhizoctonia solani (Dennis and Webster, 1971b) and 
Lentinus lepideus (Bruce et al., 1984). 
The following chapter describes experiments which investigated the production of non- 
volatile and volatile antibiotics by the seven fungal antagonist isolates carried forward from the 
preliminary in vitro and in vivo screens. Inhibition was measured as retardation of radial 
mycelial growth of pathogen and suppression of spore germination. 
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4.2 PRODUCTION OF NON-VOLATILE METABOLITES BY SELECTED 
FUNGAL ANTAGONISTS 
4.2.1 Effect of culture filtrates of fungal antagonists on mycelial growth of Fusarium 
culmorum and Microdochium nivale 
4.2.1.1 Materials and Methods 
(a) Preliminary screen for production of inhibitory compounds in liquid culture by seven 
fungal antagonists 
Culture filtrates of Trichoderma viride, Gliocladizrm rosearm (IMI 040222), G. rosezim 
(PL1 isolate), G. catenulatum, Idriella bolleyi, J76 (Finnish isolate) and TM5 (unidentified 
fungus from wheat stem base) were prepared as described in the General Methods (Chapter 2) 
and incorporated into an equal volume of molten PDA (i. e. a 50% dilution of culture filtrate) 
at approximately 50°C. Amended media were poured into sterile Petri dishes at a rate of 
15m1/plate. Two control treatments were prepared: in Control A, sterile distilled water was 
incorporated into PDA in the place of cell free filtrate and in Control B, sterile potato dextrose 
broth (PDB) replaced the cell free filtrate. The underside of each plate was marked with a 
central cross and inoculated centrally with a 5mm diameter PDA disc of either F. culmorum or 
Midvale. Each treatment was replicated five times. Plates were sealed with Parafilm. 
F. culmorum inoculated plates were incubated at 20°C, M. nivale plates at 150C. Diameters of 
growing colonies were measured daily. 
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(b) Concentration of culture filtrates of selected antagonist fungi required to inhibit mycelial 
growth of Fusarium culmorum and Microdochium nivale 
A method similar to that used in the preliminary experiment was performed. A dilution 
series of culture filtrates of Gliocladium roseum (IMI 040222), G. roseum (PL1 isolate) and 
G. catemilatum incorporated in potato dextrose agar (PDA) was prepared. Four dilutions (i. e. 
60%, 70%, 80% and 90%) of each cell free extract were made by incorporating different 
volumes of the filtrates into molten PDA at approximately 50 ° C. The amended media was then 
poured into sterile Petri dishes at a rate of 15ml/plate. Control treatments were prepared in a 
similar way: in Control A, sterile distilled water was incorporated into PDA in the place of cell 
free filtrate and in Control B, sterile potato dextrose broth (PDB) replaced the cell free filtrate. 
The underside of each plate was marked with a central cross and inoculated centrally with a 
5mm diameter PDA plug of either F. cz, lmonim orMnivale. Each treatment was replicated five 
times. Plates were sealed with Parafilm. F. culmorum inoculated plates were incubated at 20°C, 
M. nivale plates at 15°C. Diameters of growing pathogen colonies were measured daily. 
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4.2.1.2. Results 
(a) Preliminary screen for production of inhibitory compounds in liquid culture by seven 
fungal antagonists 
The type of mycelial growth in liquid culture and the colour of the culture filtrates 
produced differed for each of the seven fungal antagonists (Table 4.1). 
Table 4.1. Type of antagonist mycelial growth in liquid culture and colour of culture filtrates 
Fungal antagonist Type of mycelial growth in 
liquid culture 
Colour of culture 
filtrate 
J76 Fragmented mycelial growth Light yellow 
Trichoderma viride Fragmented mycelial growth Brown/green 
Gliocladium roseum (IMI 040222) Small mycelial pellets Pink/brown 
Gliocladitim catemilatzrm Small mycelial pellets Very bright yellow 
Idriella bolleyi Fragmented mycelial growth Grey/brown 
TM5 Fragmented mycelial growth Brown 
G. roseum (PL1) Medium sized mycelial Very bright yellow 
pellets 
Figures 4.1 and 4.2 show mean rates of radial growth of the pathogens during the 
exponential phase of growth (i. e. between days 3 and 6). Culture filtrates of G. roseum (PL 1), 
G. catenulatum and G. rosezim (IMI 040222) reduced radial growth of F. culmorum and 
M. nivale significantly when compared with all other treatments. T. viride and TM5 reduced the 
rate of growth significantly when compared with the two controls treatments. Rates of 
pathogen growth on plates amended with extract of J76 and I. bolleyi were not significantly 
different from the control treatments. 
On the basis of this experiment, culture filtrates of G. roseum (PL1), G. catemilatum and 
G. roseum (IMI 040222) were selected for further work. 
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(b) Concentration of culture filtrates of selected antagonist fungi required to inhibit radial 
mycelial growth of Fusarium culmorum and Microdochium nivale 
Figure 4.3 shows the mean rate of radial growth of F. culmorum on amended media 
during the exponential phase of growth (i. e. between days 1 and 6). Gliocladium roseum (PL 1) 
and G. catenulatum culture filtrates caused a significant decrease in the growth rate of 
F. culmorum when compared with the other treatments. Growth rates of the pathogen on PDA 
amended with extracts of these two antagonists were not significantly different at any of the 
four dilution rates: the inhibitory action of culture filtrates of G. rosezim (PL1) and 
G. catenulatum was as strong at the 90% dilution as at the 60% dilution. The G. roseum (INII 
040222) culture filtrate reduced the growth rate of F. culmorum significantly at dilutions of 
60% and 70% when compared with the two controls; at higher dilution rates however, the 
extract did not appear to have any inhibitory effect on mycelial growth (Figure 4.3). 
Retardation of radial growth of Midvale on PDA amended with culture filtrates of 
G. roseum (PL1), G. caterntlatum and G. roseum (M 040222) was considerable. The antagonist 
culture filtrates were active against Mnivale at all four concentrations. Figure 4.4 shows the 
mean rate of radial growth of M nivale during the exponential phase of growth (i. e. between 
days 2 and 8). G. roseum (PL1) and G. catenulatum culture filtrates caused a significant 
reduction in the growth rate of M. nivale when compared with the other treatments. Growth 
rates of the pathogen were not significantly different at any of the four dilutions. Radial 
mycelial growth ofMnivale was extremely limited, with colony diameters not exceeding 30mm 
in over 4 weeks incubation. Culture extracts of G. roseum (IMI 040222) had an inhibitory effect 
on growth of Midvale at all concentrations, reducing the pathogen growth rate significantly 
when compared with the control treatments; the G. roseum (IMI 040222) extract however, was 
not as active as filtrates of G. roseum (PL1) and G. cate, nilatum. Inhibitory activity decreased 
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as the concentration of G. roseum (IMI 040222) culture filtrate in the agar decreased: growth 
rate of Mnivale rose significantly at each increase in dilution. For dilutions of 70% and above, 
M. nivale did grow to cover the plate (i. e. colony diameter = 90cm). 
Colony morphology of F. culmorum and M. nivale growing on PDA amended with 
antagonist cell free filtrates was abnormal, particularly when the concentration of culture filtrate 
was high. F. culmorum colonies were deeply pigmented, "fluffy" mycelial growth was limited, 
especially towards colony edges (Plate 4.1). WhenM. nivale was grown on plates amended with 
extract of Groseum (IMI 040222) mycelium appeared to develop in layers; colony edges were 
crenated rather than entire (Plate 4.2). On agar amended with G. roseum (PL1) and 
G. catenulatum, growth of Mnivale was restricted very considerably; colony edges were 
circular (Plate 4.3). 2cm x 2cm sections of pathogen mycelium at the edges of colonies were 
removed, stained with cotton blue in lactophenol and observed under the light microscope. 
Hyphae took up the stain, indicating the presence of cytoplasm within hyphae. 
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Plate 4.1. Mycelial growth of Fusarium culmorum on potato dextrose agar amended with 
Gliocladium catenulatum culture filtrates at different concentrations. 
From left, control (no culture filtrate); 60% dilution; 70% dilution of culture filtrate. 
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Plate 4.2. Mycelial growth of Microdochium nivale on potato dextrose agar amended with 
Gliocladirrm roseum (IMI 040222) culture filtrates at different concentrations. 
From left, control (no culture filtrate); 60%dilution; 70% dilution of culture filtrate. 
Plate 4.3. Mycelial growth of ! I. nivale on potato dextrose agar amended with 90°'o dilution 
of Gliocladium catenulatnm culture filtrate. 
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4.2.2 Effect of culture filtrates of fungal antagonists on spore germination of Fusarium 
culmorum and Microdochium nivale 
4.2.2.1 Materials and Methods 
Fuscirium czrlmorum and Microdochium nivale spore suspensions were prepared as it 
was described in Chapter 2 and their concentrations adjusted to Ix 106 spores/ml using a 
haemocytometer. Aliquots of 0.2ml spore suspension were pipetted into sterile Eppendorf tubes 
(1.5m1; Eppendorf-Netheler-Hinz-GmbH, 22331 Hamburg, Germany) which contained 0.2m1 
of antagonist culture filtrates of Glrocladizum roseum (IMI 040222), G. roseum (PL I isolate), 
G. catenulatum or J76 (prepared according to the method described in Chapter 2) or 0.2m1 
sterile potato dextrose broth (PDB) (Control treatment). Tubes were shaken and incubated in 
the dark at 20°C for 3,6,12 or 24 hours. At each time interval, 3 replicates of each treatment 
were removed from the incubator, 100pl cotton blue in lactophenol added and the tubes 
shaken. 25µ1 aliquots were taken from each tube, placed on a slide and a coverslip added. The 
proportion of germinated to non-germinated spores in six fields of view at x 100 was assessed 
and the percentage of germinated spores calculated. Germination was considered to have 
occurred when germ tube length was equal to the width of the spore. 
4.2.2.2 Results 
Fusarium culmorum spore germination 
Fusarium culmorum spore germination was inhibited considerably in the presence of 
culture filtrates of Gliocladium roseum (III 040222), G. catemilatum and G. roseum (PL 1) 
(Figure 4.5): the percentage of spores which had germinated after 6, l2- and 24 hours was 
significantly lower than in the J76 and control treatments. Approximately 10% of spores in the 
109 
G. roseum (IMI 040222), G. catenulatum and G. roseum (PLl) treatments had germinated after 
6 hours compared with 55% germination in the control treatment. After 12 and 24 hours, the 
percentage of germinated spores in the control treatment had risen to 84% and 98% 
respectively, in the presence of extracts of the three Gliocladirrm isolates however, no increase 
in germination was seen and percentage germination remained at approximately 10%. 
The culture filtrate of J76 had some inhibitory effect on F. culmorum spore germination: 
the percentage of spores which had germinated at each incubation was significantly lower than 
in the control treatment. The number of germinated F. culmorum spores rose as the incubation 
time increased. After 24 hours, the J76 treatment showed a 40% reduction in spore germination 
when compared with the control. 
Microdochium nivale spore germination 
Figure 4.6 shows that germination of M. nivale spores in the presence of culture filtrates 
of the four fungal antagonists followed a pattern similar to that described for Frsarium 
culmorum: extracts of the three Gliocladium isolates considerably inhibited Mnivale spore 
germination when compared with the control treatment and the J76 treatment reduced spore 
germination to a lesser degree. A maximum of approximately 60% germination was reached 
for M. nivale spores after 12 hours in the control treatment. Germination of spores in culture 
filtrates of the three Gliocladium isolates was significantly lower than the control after 12 and 
24 hours incubation; germination in these treatments did not rise above 8%. 
The J76 culture filtrate had some inhibitory effect on M. nivale spore germination: the 
percentage of germinated spores was significantly lower than that seen in the control treatment 
after 12 and 24 hours incubation. The J76 treatment resulted in a 47% reduction in spore 
germination after 24 hours compared with the control. 
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4.3 PRODUCTION OF VOLATILE ANTIBIOTICS BY SELECTED FUNGAL 
ANTAGONISTS 
4.3.1 Materials and Methods 
6mm diameter discs of fungal antagonists (Trichoderma viride, Gliocladium roseum 
(IMI 040222), G. roseum (PL1 isolate), G. catenarlatum, Idriella bolleyi, J76 and TM5) were 
placed centrally onto Petri dishes (60 dishes/antagonist) containing 15m1 potato dextrose agar 
(PDA). Plates were sealed with Parafilm and incubated in the dark at 20°C. At intervals, over 
a period of 10 days, the lids of 6 replicate plates of each antagonist were removed, replaced by 
a bottom containing 15m1 PDA inoculated with Fusarium culmorum (3 plates/antagonist) or 
Microdochium riivale (3 plates/antagonist) and sealed with Parafilm, according to the method 
of Dennis and Webster (1971b). For control treatments, plates inoculated with F. culmorum or 
M. nivale were inverted over uninoculated plates. F. culmorum treatment plates were incubated 
at 20°C, Mnivale plates at 15°C. The colony diameter of the test pathogen was measured daily 
for 5 days and compared with that of the corresponding control plates. 
Effects on hyphal growth were observed by removing 2cm2 of agar at the colony edge, 
staining with cotton blue in lactophenol and observing individual hyphae under a light 
microscope. 
4.3.2 Results 
The majority of antagonist species tested did not produce volatile antibiotics inhibitory 
to mycelial growth of Firsarium culmorum in agar culture (Figures 4.7,4.8,4.9). Volatile 
products from TM5 and Trichoderma viride cultures however, did appear to retard growth of 
F. culmorzim. For T. viride, maximum inhibition was observed when the pathogen was inverted 
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over 5 day old antagonist cultures: the 5 day old T. viride treatment gave a 60% decrease in 
pathogen growth rate when compared with the control (Figure 4.8). Older cultures of T. viride 
however, did not display the same degree of inhibition of F. culmorum; the growth rate of 
F. czilmorum inverted over 10 day old cultures of T. viride was not significantly different from 
any of the other treatments, except TM5 (Figure 4.9). Inhibition of F. culmorzum by volatile 
substances produced by TM5 was more sustained (Figure 4.8). A reduction in pathogen growth 
rate was noticeable when F. culmorum was inverted over a 10 day old culture of TM5 (Figure 
4.9). The degree of inhibition increased with the age of the TM5 cultures and production of 
volatile antibiotics by 10 day old cultures of TM5 significantly inhibited mycelial growth of 
F. czrlmorum, reducing the mean growth rate by approximately 60% when compared with the 
control. 
Growth of Microdochizim nivale was more adversely affected by volatile antibiotics 
than F. culmorum: in vitro-production of volatile antibiotics which significantly inhibited 
mycelial growth of the pathogen was demonstrated by all seven test antagonists (Figure 4.10, 
4.11,4.12). Volatile inhibitory metabolites were produced by 1 day old cultures of TM5 and 
Trichoderma viride ( Figure 4.10) and production continued as the cultures aged. Gliocladium 
roseum (IlVII 040222), G. catenulatum and Idriella bolleyi had an inhibitory effect on M. nivale 
growth when antagonist cultures were 3 days old or more; G. roseum (PL 1) and J76 appeared 
to produce volatile metabolites only when antagonist cultures were more developed (i. e. at least 
7 days old). 10 day old cultures of all antagonists decreased the mean rate of radial growth of 
Midvale significantly when compared with the control (Figure 4.12). I. bolleyi caused the 
greatest inhibition, reducing the mean growth rate by 95% when compared with the control. 
The volatile metabolites produced caused similar morphological effects to the mycelia 
of both F. culmorum and M. nivale. The mycelial growth of pathogen was stunted: hyphal 
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development was very dense and hyphae tended to be more highly branched compared with the 
control plates. This was particularly marked when F. czrlmorum and M. nivale were grown in 
the presence of metabolites produced by Trichoderma viride and TM5. A coconut smell was 
detected from the T. viride and TM5 isolates. 
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Figure 4.7. The effect of volatile antibiotic production, over a 10 day period, by Gliocladium 
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Figure 4.8. The effect of volatile antibiotic production, over a 10 day period, by TM5 (an 
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(Finnish isolate) and Trichoderma viride, on the radial growth rate of Fusarium culmorum. 
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Figure 4.10. The effect of volatile antibiotic production, over a 10 day period, by Gliocladium 
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Figure 4.11. The effect of volatile antibiotic production, over a 10 day period, by TM5 
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4.4 DISCUSSION 
Little previous work has been reported on the relationship between Fusarium culmorum 
and Microdochium nivale and antibiotic-producing fungi. It is perhaps interesting to note that 
Cook et al. (1947) reported that a number of Fusarium species themselves produced antibiotics 
which were both antifungal and antibacterial in nature. In addition, Kapoor and Hoffmann 
(1984) found that isolates of F. avenaceum, F. sohnii and other Fusarium species were strongly 
antagonistic to Rhizoctonia solani and Ceratobasidium species in vitro. Tveit and Wood 
(1955) suggested that the production of the antibiotic, chaetomin, by Chaetomium cochliodes 
and C. globosum may have been involved in the control of Fusarium seedling blight in oats, 
caused by Mnivale. Antibiosis has been proposed as a mechanism of antagonism for many 
other plant pathogens, such as Rhizoctonia solani, Gaeumannomyces graminis and Pythium 
tiltimum. Kapoor and Hoffmann (1984) observed that numerous soil microorganisms showed 
antibiotic activity against R. solani in vitro. Several groups of workers have recently reported 
the in vitro inhibition of G. graminis by both volatile and non-volatile antibiotics produced by 
Trichoderma species (Simon et al., 1988; Dunlop et al., 1989; Almassi et al., 1991). Howell 
and Stipanovic (1983) showed that the production of the antibiotic, gliovirin, by Gliocladizim 
virens played an important role in the control of damping-off in cotton caused by P. ultimum. 
The action of extracellular enzymes has been implicated in several biological control 
mechanisms; Pachenari and Dix (1980) for example, reported the activity of ß 1-3 glucanases 
and chitinase produced by Gliocladizim roseum against Botrytis allii. Such proteins may also 
be present alongside antibiotics in the filtrates of antagonist liquid cultures and the relative 
importance of the two potential components is discussed in Chapter 5. 
In vitro mycelial growth of both Füsariarm culmorzim and Microdochizim nivale was 
significantly reduced by culture filtrates of five of the seven test fungi which indicated that 
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inhibitory non-volatile antibiotics were produced when antagonists were grown in liquid 
culture. F. culmorum and M nivale were sensitive to culture filtrates of the same antagonists 
but development of M. nivale was more adversely affected than that ofF. culmorum. A 50% 
dilution of the culture filtrate of Gilocladium roseum (PLI isolate) for example, reduced the 
growth rate ofM.. nivale by 99% and F. cirlmomm by 85%. G. catenzrlcrtum and the two isolates 
of G. roseiim were the most effective of the seven antagonists tested: mycelial growth of the 
pathogens was reduced by at least 77% when culture filtrates of the three Gliocladium species 
were incorporated into agar at a 50% dilution rate and these isolates were selected for further 
study. The inhibitory metabolites produced by G. catemilatum and G. roseum (PL 1) were shown 
to be highly effective in limiting both mycelial growth of F. culmorzim and Mnivale and 
pathogen spore germination. Inhibitory activity of these two isolates was maintained when 
culture filtrates were much diluted. At the 90% dilution rate the growth rate of 
F. culmorum was reduced by approximately 77% and that of Midvale by 94%. Spore 
germination of F. culmorum and Mnivale was also inhibited considerably by filtrates of 
G. catenulatum and G. roseum (PL1) such that after 24 hours incubation, germination of 
F. culmorum andM. nivale spores was reduced by at least 87% when compared with the control 
treatments. The efficacy of G. roseum (IMI 040222) was similar to that of the other two 
Gliocladiiim isolates in terms of reduction of pathogen spore germination but activity against 
mycelial growth of pathogen was lower. The G. rosezim (IMI 040222) culture filtrate had no 
inhibitory effect against F. culmonim when diluted by more than 70% and the 90% dilution gave 
only a slight reduction in the growth rate of Mnivale. The production of antibiotics by G. virens 
has been studied extensively and has been implicated as a biological control mechanism of 
several soil-borne plant pathogens. Reports in the literature concerning the activity of culture 
filtrates of G. catenarlatum and G. roseum however are rare. Brian and Hemming (1945) noted 
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that G. catenzilatum culture filtrates showed high antifungal activity and were "worth further 
investigation. " Culture filtrates of G. roseum however, were reported to have little inhibitory 
effect on cultures of Thielaviopsis basicola (Smith, 1960). Results from the present work 
indicated that isolates of G. catemilatum and G. roseum produced antifungal metabolites when 
grown in liquid culture which were highly inhibitory to both mycelial growth and spore 
germination of F. czilmorum and Mnivale. The two G. roseaim isolates displayed slightly 
different activities, G. roseum (PL 1) isolate being more inhibitory. 
Culture filtrates of Trichoderma viride and TM5 also displayed considerable activity 
against mycelial growth of F. culmorum and Midvale. Incorporation of the T. viride filtrate into 
agar reduced the growth rate of F. culmorum by 60% and that of M. nivale by 61%. The filtrate 
of TM5 displayed a similar activity reducing the growth rates of F. culmorum and M. nivale by 
39% and 61% respectively. Inhibition of pathogen spore germination by culture filtrates of 
these fungi was not tested. The results displayed by T. viride are in agreement with work carried 
out on the inhibition of several plant pathogens by numerous members of the Trichoderma 
genus (Dennis and Webster, 1971a). 
Iclriella bolleyi and J76 culture filtrates had no significant effect on mycelial growth of 
either F. culmorum or M. nivale. The filtrate of J76 however, was tested for its effect on 
pathogen spore germination and a moderate degree of inhibition was observed. After 24 hours 
incubation in the presence of the J76 filtrate, the germination of F. culmorum spores was 
reduced by 40% and that ofM. nivale spores by 47%. This result suggests that metabolites may 
be produced by the antagonist in liquid culture that inhibit the spore germination process but 
not mycelial growth of pathogen. Alternatively, spore germination may be more sensitive to 
inhibition than mycelial growth and substances present in the culture filtrate at a low 
concentration may affect spore germination but not mycelial growth rate of pathogen. 
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Microdochium nivale appeared to be more sensitive to volatile antibiotic production 
than Fusarium culmorum. In the case of F. czilmorum only two of the seven antagonists 
produced volatile antibiotics which inhibited pathogen growth, whereas all seven antagonists 
significantly reduced mycelial growth of Mnivale by production of volatile compounds. 
Trichoderma viride and TM5 were the only antagonists to produce volatile compounds active 
against F. culmorum, whereas Idriella bolleyi, TM5 and the three Gliocladium isolates were 
the most inhibitory species against M. nivale. The production of volatile antibiotics by 
Trichoderma species is well documented (Dennis and Webster, 1971b; Simon eta!., 1988; 
Dunlop et al., 1989) but volatile activity by Gilocladium species or by Idriella bolleyi has not 
been reported. Research on the biological control potential of Gliocladium species usually 
concerns the production of non-volatile antibiotics and the mycoparasitic characteristics of the 
genus (Papavizas, 1985). Allan et al. (1992) reported that I. bolleyi acts by competitive 
exclusion of pathogens rather than by antibiosis or other forms of antagonism. In a study of 
volatile antibiotic production by Trichoderma species, Dennis and Webster (1971b) found that 
several isolates of G. virens had no significant effect on the growth of Rhizoctonia solani. In 
the same study, Dennis and Webster (1971b) described a coconut odour which was also 
referred to by Bisby (1939) and Rifai (1969). The odour was only produced by T. viride isolates 
which inhibited R. solani in vitro and was not detected in plates containing inactive 
Trichoderma strains. It is possible therefore that the presence of a strong coconut odour in 
plates containing T viride and TM5 used here, confirms that the inhibition of F. culmorum and 
Mnivale by these antagonists was attributable to volatile antibiotics. This experiment showed 
that volatile antibiotics were produced in vitro by various fungal species and inhibited mycelial 
growth of Mnivale and F. culmorum. The production of inhibitory volatile metabolites 
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appeared to vary with the age of the antagonist culture. A five day old culture of Trichbderma 
viride for example, reduced the growth rate of F. culmorum by 60%, older cultures however 
did not cause the same degree of inhibition and the growth rate of F. culmorum inverted over 
a ten day old culture of T viride was not significantly different from that of the control 
treatment. This may suggest that volatile antibiotics which adversely affected the pathogen 
were only produced during a specific phase of antagonist development. Given that the growth 
rate ofM. nivale was decreased by volatile substances produced by one day old to ten day old 
cultures of T. viride, it may be possible that the inhibitory compounds are produced throughout 
the antagonist's development but that production is maximal at, for example, five days when 
growth of the less sensitive F. culmorum is also reduced. This experiment was conducted on 
a high nutrient medium (PDA) and whether such inhibitory compounds could be produced 
under natural conditions on low nutrient substrates is not clear. Bruce et al. (1984) however 
suggested, after performing similar in vitro experiments, that the production of volatile 
antibiotics was the sole control mechanism by which Trichoderma species inhibited Lentimis 
lepideus in vivo. 
The work described in Chapter 4 indicated that the majority of the antagonist fungi 
tested were able in vitro to produce both non-volatile and volatile metabolites which were 
inhibitory to growth of F. culmortum or Mnivale or both. In vitro antagonism therefore, is 
probably brought about by several complementary mechanisms and not by any one acting alone. 
The production of antifungal substances by antagonistic fungi is one way by which spore 
germination and mycelial growth of the pathogen could be limited, thus reducing the inoculum 
potential. It is possible that the biological control of Fusarium seedling blight could be achieved 
by the use of inhibitory metabolites of one or several species without the use of living 
antagonist in the final preparation. 
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CHAPTER 5 
FURTHER INVESTIGATION INTO THE ACTIVITY AND NATURE OF 
INHIBITORY METABOLITES PRODUCED BY ANTAGONIST SPECIES 
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5.1 INTRODUCTION 
There is evidence in the literature, largely from in vitro studies, that environmental 
conditions may considerably influence the activity of antagonistic fungi (Boosalis, 1964) and 
Gibbs (1967) suggested that one possible cause of variation was an effect on the production 
or stability of antibiotic substances. Much research has been carried out on the inhibitory 
properties of the Gliocladium genus and several studies have examined the effect of various 
environmental factors, such as pH. 
Weindling (1934) reported that in vitro inhibition of Rhizoctonia solani by Trichoderma 
lignorum (later confirmed as Gliocladium virens [Webster and Lomas, 1964]) was affected by 
pH. Weindling showed a very rapid decline in antibiotic activity in the pH range between pH 
4.8 and pH 6.3; above pH 6.3 activity decreased more gradually. It was observed that cultures 
of G. virens gradually lost their activity to parasitise the pathogen in approximately the same 
pH range and no attack occurred in alkaline reactions. Brian and Hemming (1945) examined 
the relation between the stability of the antibiotic gliotoxin, produced by G. virens, and pH more 
closely. It was shown that gliotoxin solutions were stable at pH 3.5 but at higher pH, even on 
the acid side of neutrality (e. g. pH 5.4), loss of activity occurred. Brian and Hemming 
suggested that gliotoxin could accumulate in relatively acid soils, resulting in decreased 
microbiological activity. 
The production of antibiotics by antagonist organisms and their activity against 
pathogenic fungi has attracted much research but the action of enzymes has also been 
implicated in several biological control systems. Such lytic enzymes may affect mycelial growth 
and spore germination through degradation of the pathogen cell wall. The activity of ß 1-3 
glucanase and chitinase produced by Gliocladitim roseum against Botrytis alli for example, was 
reported by Pachenari and Dix (1980). The relative importance of these two possible inhibitory 
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components of the antagonist culture filtrates may be investigated via degradation of the 
proteinaceous component, either by heat treatment or with the use of a protease enzyme. 
The following chapter describes various experiments which investigate the effect of pH 
on the production of inhibitory metabolites by antagonist species. The aim of these in vitro 
experiments was to determine the conditions required for maximum inhibitory activity and 
growth of antagonist; this would give some indication which antagonist(s) could operate over 
a range of environmental conditions. An experiment to determine the nature of the active 
compounds is also reported. 
127 
5.2 EFFECT OF pH ON MYCELIAL GROWTH OF ANTAGONIST ISOLATES 
5.2.1 Materials and Methods 
Conical flasks containing 300m1 of potato dextrose agar (PDA) were adjusted to pH 
4.0,5.5,7.0 and 8.5, before autoclaving, using OA M orthophosphoric acid and 0.5M sodium 
hydroxide. The pH was monitored using a hand-held pH meter. The pH-adjusted media were 
poured into sterile Petri dishes at a rate of 15ml/plate. The underside of each plate was marked 
with a central cross and the agar inoculated centrally with a 5mm diameter PDA plug of either 
Gliocladium roseum (I1VII 040222), G. catenulatum, G. roseum (PL1 isolate) or J76 (Finnish 
isolate). Each treatment was replicated five times. Plates were sealed with Parafilm and 
incubated at 20°C. Diameters of growing antagonist colonies were measured daily. 
5.2.2 Results 
Figure 5.1 shows that the optimum pH for mycelial growth of the four antagonists was 
pH 7.0 and at this pH, the growth rates of the antagonists were not significantly different from 
each other. 
Mycelial growth rate of J76 was not affected by pH. The growth rate of Gliocladirim 
roseum (M 040222) was affected by pH more markedly than the other antagonists tested. 
Mean growth rate of G. roseum (III 040222) at pH 7.0 was 4.0 mm/day but growth rate 
decreased significantly when the antagonist was grown on agar adjusted to pH values both 
above and below neutrality. At pH 8.5 and pH 5.5, the rate of growth decreased by 20% when 
compared with that at pH 7.0, and at pH 4.0, a reduction of 33% was observed. The growth 
rates of G. catemilatum and G. rosezim (PL 1) were not affected by changes in pH in the range 
pH 8.5 - 5.5, but at pH 4.0, antagonist growth was significantly reduced. 
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5.3 EFFECT OF pH ON THE PRODUCTION AND STABILITY OF INHIBITORY 
METABOLITES 
5.3.1 Materials and Methods 
5.3.1.1 Production of culture filtrates of fungal antagonists 
Culture filtrates of Gliocladium roseum (IM! 040222), G. catenarlatum, G. roseum (PL I 
isolate) and the Finnish isolate, J76, were prepared in a similar way to that described in the 
General Methods (Chapter 2). The pH of the culture media (PDB) was adjusted, before 
autoclaving, to pH 4.0,5.5,7.0 and 8.5 using 0.1M ortho-phosphoric acid ("GPR", BDH 
Laboratory Supplies, Poole, Dorset, UK) and 0.5M sodium hydroxide. The pH was measured 
using a hand-held pH meter (PHA 300, Whatman Labsales Ltd., St. Leonard's Road, 
Maidstone, Kent, UK). A1 cm PDA disc of antagonist was inoculated into PDB broth at each 
of the four pH values. Liquid cultures were incubated and culture filtrates prepared as described 
previously (Chapter 2). 
5.3.1.2 Preparation of amended media 
Potato dextrose agar (PDA) was amended with culture filtrates of fungal antagonists 
grown at pH 4.0,5.5,7.0 and 8.5. Culture filtrates were incorporated into molten agar to give 
a 60% dilution of cell free extract in PDA. Control treatments were prepared in which potato 
dextrose broth (PDB), adjusted to each of the four pH values before autoclaving, was 
incorporated into agar. Amended media were poured into sterile Petri dishes at a rate of 
15m1/plate. The underside of each plate was marked with a central cross and the agar 
inoculated centrally with a 5mm diameter PDA plug of either Fusarizrm culmorzum or 
Microdochium nivale. Each treatment was replicated 5 times. Plates were sealed with Parafilm. 
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F. czdmorum inoculated plates were incubated at 20°C, Midvale plates at 15°C. Diameters of 
growing pathogen colonies were measured daily. 
5.3.2 Results 
5.3.2.1 Effect on growth rate of Fusarium culmorum 
The control treatments (Figure 5.2) indicated that the growth of F. culmorum was 
largely unaffected by pH. No inhibitory metabolites were produced by J76 when liquid cultures 
were grown at any of the four pH levels tested; incorporation into agar of filtrates of the 
cultures grown at pH 5,5 and pH 4.0, resulted in a significant increase in the growth rate of 
F. culmorum compared with the control treatments. On agar which had been amended with 
filtrates of Gliocladium roseum (IMI 040222) grown at pH 5.5, the growth rate of F. culmorum 
was reduced significantly by 45% when compared with the control treatment. Incorporation 
of filtrates of Groseum (IMI 040222) grown at pH 8.5 and 7.0, led to a significant stimulation 
to growth of F. culmorum. When grown at high pH, G. catenulatum produced metabolites 
inhibitory to F. culmorum: growth rate was reduced by 34% at pH 8.5 and by 11% at pH 7.0. 
No inhibition of F. culmorum was seen when the antagonist was grown at pH 5.5 and pH 4.0; 
at pH 5.5, growth of F. ciilmorum was stimulated. Incorporation into agar of culture filtrates 
of G. roseum (PL1) resulted in the greatest reductions to the F. culmorum growth rate. 
Groseum (PL1) produced inhibitory metabolites when grown in liquid culture at pH 8.5,7.0 
and 5.5 which significantly reduced the growth rate of F. culmorum by 60%, 26% and 54% 
respectively. When grown at pH 4.0, G. roseum (PL 1) appeared to produce metabolites which 
significantly increased pathogen growth. 
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5.3.2.2 Effect on growth rate of Microdochium nivale 
Effects similar to those described for Fusarium culmorum were observed when 
Microdochium nivale was used as the test pathogen (Figure 5.3). The control treatments 
showed that growth ofM. nivale was not affected by pH. No metabolites which affected growth 
of F. culmorum were produced by J76 at any pH. The effect of the culture filtrate of 
Gliocladium roseum (BE 040222) grown at pH 5.5 was not tested against Mnivale because 
an insufficient volume of this filtrate was available. On agar which had been amended with 
filtrate of G. roseum grown at pH 4.0, the growth rate ofMnivale was reduced significantly 
when compared with the control treatment. Filtrates of G. roseum grown at pH 8.5 and pH 7.0 
had a significant stimulatory effect on growth of Midvale. When grown at pH 8.5,7.0 and 4.0, 
G. catemilatum produced metabolites inhibitory to M. nivale: growth rate was reduced by 87% 
at pH 8.5, by 74% at pH 7.0 and by 41% at pH 4.0. When grown at pH 5.5 however, no 
inhibitory metabolites appeared to be produced. Incorporation into agar of culture filtrates of 
G. roseum (PL1), again resulted in the greatest reductions in pathogen growth rate. G. roserim 
(PL1) produced very inhibitory metabolites when grown in liquid culture at pH 8.5,7.0 and 5.5 
which reduced growth rate ofM. nivale by 92%, 81% and 93% respectively compared with the 
control treatments. Filtrates of cultures grown at pH 4.0 however, had no effect on growth 
M. nivale. 
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5.3.3 Discussion 
The experiments described in Chapter 4 showed that, of the four fungal antagonists 
examined, Gliocladium catenulatum and G. roseum (PL1 isolate) appeared to produce 
metabolites in liquid culture that were most inhibitory to growth of Fusarium culmorum and 
Microdochium nivale. In general, these two antagonists produced inhibitory substances over 
a range of pH values but pathogen growth rate was reduced most markedly by metabolites 
produced by the antagonist at the higher (ie. pH 8.5,7.0 and 5.5) pH values. Figures 5.2 and 
5.3 show that inhibition caused by G. catenulatum tended to decrease as the pH at which the 
antagonist was grown decreased; no inhibition was observed however when the filtrate of 
G. catenulatum grown at pH 5.5 was incorporated into agar. This result is anomalous given 
that, in previous experiment (Chapter 4), culture filtrates of G. catenulatum displayed high 
activity when grown in unadjusted potato dextrose broth (PDB) which has a pH of 4.95. The 
reason for the lack of activity of the antagonist when grown at pH 5.5 is not clear: the 
appearance of the liquid culture was normal so contamination of the broth which could have 
resulted in a detrimental effect on metabolite production was not likely. Culture filtrates of 
G. roseum (III 040222) were less active than those of G. catenulatum and G. roseum (PLI 
isolate). Inhibition of the pathogen isolates by G. roseum (IMI 040222) filtrates appeared to be 
favoured by more acidic conditions (pH 5.5 and 4.0). J76 did not produce metabolites 
inhibitory to mycelial growth of F. culmonim or Midvale in liquid culture at any of the four pH 
values tested. This confirms the conclusions drawn in Chapter 4 that the mode of action of the 
antagonistic fungus, J76, does not involve the inhibition of mycelial growth of F. culmoriim or 
Midvale by the production of non-volatile metabolites. 
The results of section 5.3 suggested that different inhibitory substances were present 
in cultures of each antagonist. Culture filtrates of G. rosezim (M 040222) and G. catenulatum 
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grown at pH 4.0, for example, caused inhibition of growth of Midvale, while the equivalent 
G. roseum (PL1) culture filtrate did not. Inhibitory metabolites also displayed different activities 
against the two test pathogen fungi: culture filtrates of G. roseum (IMI 040222) and 
G. catenulatum grown at pH 4.0 significantly reduced growth of Mnivale but no inhibitory 
activity was displayed by these filtrates against F. culmorum. Mnivale appeared to be more 
sensitive to the inhibitory compounds than F. culmorum with the growth rate of this pathogen 
being reduced by a greater degree. The filtrate of G. roseum (PL1) grown at pH 5.5 for 
example, reduced the growth rate of Mnivale by 93% when compared with the control, the 
same filtrate caused only a 54% reduction in the growth rate of F. culmorum. 
In this experiment, the metabolites most inhibitory to pathogen growth were present 
in culture filtrates of Gliocladium catenulatum and G. roseum (PL1) which had been grown 
at more alkaline pH. This result contrasted with the report by Weindling and Emerson (1936) 
that filtrates of G. virens were more active in acidic conditions. Gliotoxin was reported to be 
responsible for the inhibition caused by G. virens and this antibiotic was shown by Weindling 
(1941) and Brian and Hemming (1945) to be unstable at pH values of above 5.4. This would 
suggest that the inhibition displayed by filtrates of G. catenulatum and G. roseum (PL 1) cultures 
grown at pH 5.5 and above, was not caused by the antibiotic gliotoxin. Gliotoxin may have 
been responsible, however for the inhibition of Mnivale shown by filtrates of G. roseum (I II 
040222) and G. catenulatum cultures grown at pH 4.0; at this pH gliotoxin would be stable. 
Some treatments, rather than inhibiting growth of Firsarium culmorzim, actually 
appeared to stimulate it resulting in significant increases in the rate of pathogen growth when 
culture filtrates of, for example, J76 grown at low pH and G. roseum (IMI 040222) grown at 
high pH, were incorporated into agar. It is possible that metabolites favourable to growth of 
F. culmorum were produced. 
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From the experiment described in Section 5.3 it was not possible to determine whether 
the synthesis of inhibitory metabolites itself was affected by pH, so that specific substances 
were not produced when antagonist species were grown in broth adjusted to various pH levels, 
or whether, once inhibitory metabolites were synthesised by the antagonist, the pH of the 
culture medium affected metabolite stability, causing loss of activity at certain pH levels. To 
study the relative importance of these processes a comparison was made between the antibiotic 
activity towards Fusarium culmorum and Microdochium nivale and the mycelial growth rate 
of the antagonist isolates over a range of pH values. A similar experiment was described by 
Gibbs (1967) in a study of the biological control of Heterobasidion annosum by Trichoderma 
species. In addition, Weindling (1934) found that the peak rate of antibiotic production by 
Trichoderma viride (reclassified later as Gliocladium virens) corresponded to the period of 
maximum growth. A correlation between growth rate and antibiotic activity would suggest that 
the primary effect measured is the influence of pH on antibiotic synthesis. Gibbs (1967) found 
no such correlation; an inverse relationship between growth rate and antibiotic activity was 
reported and Gibbs concluded that the main effect was the influence of pH on antibiotic 
stability. The results presented here (Figures 5.4 and 5.5) fall into two groups. The results for 
G. catenulatarm and G. roseum (PL 1) appear to agree with the work of Weindling (1934). The 
conditions required for maximum mycelial growth of the antagonists also resulted in maximum 
production of inhibitory metabolites. This suggested that the primary effect measured was the 
influence of pH on inhibitory metabolite synthesis. The relationship for G. roseum (IMI 040222) 
is less clear (Figure 5.6) but maximum inhibitory activity did not correspond to maximum 
mycelial growth. Metabolite stability may have been affected by pH in this case. However, 
given the fact that in some cases antibiotic production is maximal when vegetative growth is 
arrested (Woodruff, 1966), such a conclusion is somewhat tentative. 
139 
5.4 EFFECT OF HEAT ON INHIBITORY ACTIVITY OF METABOLITES 
PRODUCED BY GLIOCLADIUM CA TENULA TUM AND AN ISOLATE OF 
G ROSEUM 
5.4.1 Materials and Method 
5.4.1.1 Preparation of amended media 
Potato dextrose agar (PDA) was amended with filtrates of Gliocladizim catenailataim 
and G. roseum (PLI isolate) cultures which were grown at pH 8.5,7.0,5.5 and 4.0 as described 
in Section 5.3.1.2. In this experiment however, the culture filtrates were boiled in an autoclave 
at 100°C for five minutes before their incorporation into agar. Petri dishes were marked with 
a central cross, inoculated centrally with a 5mm PDA plug of Fusarium culmorum or 
Microdochium nivale and sealed with Parafilm. Each treatment was replicated five times. 
F. culmorum-inoculated plates were incubated at 20°C, Midvale plates at 15°C. Colony 
diameters were measured daily. 
5.4.1.2 Analysis of results 
The percentage inhibition of pathogen growth on plates amended with boiled culture 
filtrates was determined and compared with results obtained from non-boiled filtrates (Section 
5.3). A Student's t-test (p = 0.05) was performed, after an Arcsine transformation, on each pair 
of treatments (i. e. boiled and non-boiled) to determine whether the heat treatment significantly 
affected the inhibitory properties. 
5.4.2 Results 
Figures 5.7 and 5.8 show that heat treatment of Gliocladium catemrlatiim and G. roseum (PL 1) 
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culture filtrates had little effect on the inhibition of growth of Fusarium culmorum. In all but 
two cases, the percentage inhibition of F. culmorum on plates amended with heat treated culture 
filtrates was not significantly different to that observed on plates containing the unboiled 
corresponding filtrates. On plates amended with a filtrate of a G. catemrlatum culture grown 
at pH 4.0, the inhibition of growth of F. culmorum rose significantly after boiling; a similar 
result was observed with a filtrate of G. roseum (PL1) grown at pH 7.0. 
It can be seen from Figures 5.9 and 5.10 that heat treatment of G. catenulatiim and 
Groseum (PL1) culture filtrates had more of an effect on the percentage inhibition of growth 
of Microdochium nivale. In five cases (G. catenulatum grown at pH 8.5 and 7.0 and G. roseum 
(PL1) grown at pH 8.5,7.0 and 5.5), the percentage inhibition ofM. nivale on agar amended 
with boiled filtrates was significantly lower than that observed on plates containing non-boiled 
filtrates. Inhibition caused by filtrates of G. catenulatum grown at pH 4.0 was not affected by 
boiling. Boiling of the filtrate of G. roseum (PL1) grown at pH 4.0 however, resulted in a 
significant increase in the inhibition of Mnivale compared with the non-boiled equivalent. 
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Figure 5.7. Effect of heat treatment on the inhibitory activity of culture filtrates of 
Gliocladium catenulatum, grown at four pH levels, on the mycelial growth of Fusarium 
culmorum. 
Paired bars (before and after heat treatment) labelled with the same letter are not significantly different by Student's 
t-test after an Arcsine transformation (p=0.0S). 
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Figure 5.8. Effect of heat treatment on the inhibitory activity of culture filtrates of 
Gliocladium roseum (PL1 isolate), grown at four pH levels, on the mycelial growth of 
Fusarium culmorum. 
Paired bars (before and after beat treatment) labelled with the same letter are not significantly different by Student's 
t-test under an Arcsine transformation (p=0. O5). 
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Figure 5.10. Effect of heat treatment on the inhibitory activity of culture filtrates of 
Gliocladium roseum (PL 1), grown at four pH levels, on the mycelial growth of 
Microdochium nivale. 
Paired bars (before and after heat treatment) labelled with the same letter are not significantly different by Student's 
t-test under an Aresine transformation (p=0.05). 
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5.4.3 DISCUSSION 
Much research has been carried out on the production of antibiotics by antagonist 
fungi. However, the action of cell wall degrading enzymes such as carboxy methyl cellulase, 
laminarinase, protease, chitinase and amylase, has also been implicated in several biological 
control systems. The aim of the experiment described in Section 5.4 was to obtain further 
information on the nature of the non-volatile metabolites produced by the two most inhibitory 
Gliocladium isolates and to determine the relative importance of proteinaceous and antibiotic 
components. Any proteinaceous components in the culture filtrates would be denatured after 
boiling for five minutes and thus, a reduction in the inhibitory activity of the culture filtrate after 
heat treatment would indicate that extracellular enzymes produced by the antagonist were 
involved in the inhibition of pathogen growth. 
In the present work, no significant decreases in the inhibitory activity of antagonist 
culture filtrates were observed after heat treatment when tested against Fusarium culmorum 
which indicates that the active inhibitory component was not enzymatic in nature. When tested 
against Microdochium nivale however, significant reductions in the percentage inhibition of 
mycelial growth of the pathogen of between 10 and 20% were seen when the activities of the 
culture filtrates of Gliocladium catenulatum and G. roseum (PL1) before and after heat 
treatment were compared. This partial loss of activity of the culture filtrates of G. catenulatum 
and Groseum (PL1) after heat treatment suggests that the inhibition of Mnivale observed, may 
be partially enzymatic in nature. It has been noted in previous experiments that M. nivale is 
affected more markedly by inhibitory metabolites than F. culmorum and it is possible that the 
enzymatic component in the culture filtrates of the two Gliocladium species may have 
contributed to the greater sensitivity of M. nivale. Papavizas et al. (1982) reported that biotypes 
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of Trichoderma harzianum produced two different factors which caused inhibition to in vitro 
growth of Scierotium cepivorum, one heat stable, the other heat labile. Both factors were 
implicated in the biological control mechanism: activity of antagonist culture filtrates sterilised 
by Millipore filters was almost twice as high as that of autoclaved filtrates. 
A significant increase in inhibitory activity of heat treated culture filtrates was observed 
in three cases (i. e. G. catenulatum grown at pH4.0 and G. roseum grown at pH7.0 against 
F. culmorum and of Groseum grown at pH4.0 against Mnivale). The reason for this is unclear. 
Concentration of these filtrates through loss of water during the boiling process may have 
occurred resulting in the observed increase in activity. A second possible explanation could be 
the formation of "breakdown products" of the metabolites during the boiling process which 
were more toxic to F. culmorum and M nivale. 
Pachenari and Dix (1980) reported circumstantial evidence for the lysis of Bot'ytis allii 
hyphae by extracellular enzymes, particularly ß 1-3 glucanase and chitinase, produced by 
Gliocladium roseum. Results from the present work and circumstantial evidence from another 
experiment (data not shown) add support to the view that extracellular enzymes are produced 
by Groseum, and G. caternrlatum, which may play a role in the mechanism of biological control 
exhibited by these species. In a preliminary experiment to investigate the production of non- 
volatile metabolites, the antagonist fungi were inoculated onto cellophane discs placed on the 
surface of potato dextrose agar with the theory that any non-volatile metabolites produced by 
the antagonist would diffuse through the cellophane and impregnate the agar (Gibbs, 1967; 
Data not shown). It was observed however, that the two Gliocladium rosezim isolates, 
G. catenulatum and J76 (Finnish isolate) degraded the cellophane itself indicating the 
production of extracellular enzymes, cellulase for example, by these antagonist fungi. 
The results of Section 5.4 suggest that in vitro, enzymes may play a small role in the 
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inhibition of Microdochium nivale by Gliocladium catenulatum and G. roseum (PL 1) and no 
significant part at all in the control of Fusarium culmorum. Roberts and Lumsden (1990) noted 
that the importance of enzymatic activity in biological control systems may be magnified under 
field conditions. In an in vitro study the authors observed that enzymes in culture supernatants 
of Gliocladium virens were not involved in inhibiting sporangial germination or hyphal growth 
of Pythium ultimum. It was suggested however, that in soil, under conditions where low 
concentrations of active metabolites (e. g. gliotoxin) were present, enzymes could play a role 
in the control of P. ultimum by degrading organic matter during saprophytic growth of G. virens, 
thus providing assimilable nutrients for the antagonist leading to its rapid growth, sporulation 
and production of secondary metabolites. 
The work described in Chapter 5 suggested that the in vitro inhibition of Fusarium 
culmorum and Microdochium nivale caused by culture filtrates Gliocladium catenulatum and 
Groseum (PL1) was caused largely by antibiotics but that an enzymatic component may also 
play a minor role. The three Gliocladium isolates were capable of mycelial growth and 
production of non-volatile metabolites in both acidic and alkaline conditions; production of 
inhibitory metabolites by G. catenulatum and G. roseum (PL1) was favoured in the range pH 
8.5 - 5.5 and filtrates of G. roseum (IMI 040222) were most inhibitory when grown under acidic 
conditions. The in vitro experiment would suggest therefore, that in the natural environment, 
with suitable temperature, the antagonist fungi have the potential to grow and produce 
inhibitory metabolites in acid or alkaline soils. Alternatively, inhibitory metabolites could be 
produced in vitro by the Gliocladium species under optimal conditions of pH and temperature, 
and used as the basis for a chemical preparation for control of F. culmorum and M. nivale in the 
field. In such a preparation, the inclusion of living fungus would not perhaps be necessary and 
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thus, problems of establishment, proliferation and survival in the natural environment would 
be avoided. A similar type of approach resulted in the development of a new, broad spectrum, 
systemic ß-methoxyacrylate fungicide (ICIA5504) by Zeneca/BASF (Godwin et al., 1992). The 
fungicide was developed from derivatives of ß-methoxyacrylates, the antifungal antibiotics, 
strobilurin A, strobilurin B and oudemansin which were isolated from saprophytic fungi (Becker 
et al., 1981). The compound ICIA5504 displayed high fungicidal activity against a wide range 
of plant pathogenic fungi and was known to be a potent inhibitor of spore germination and also 
able to inhibit mycelial growth (Godwin et al., 1992; Godwin et al., 1994). The ability of the 
antagonist isolates to produce inhibitory metabolites and the stability of those metabolites under 
natural, field conditions requires further study. 
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CHAPTER 6 
EXTRACTION AND TESTING OF SOLUBLE METABOLITES PRODUCED BY 
ISOLATES OF GLIOCLADIUM CATENULATUM AND G. ROSEUM AND THEIR 
ACTIVITY AGAINST FUSARIUM CULMORUM IN VITRO 
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6.1 INTRODUCTION 
The antibiotics produced by Gliocladiaim and Trichoderma species have been the 
subject of intense research. Early confusion over the nomenclature of antibiotic-producing 
strains has been overcome and it is generally accepted that both genera have a number of 
antagonistic fungi which produce toxic metabolites active against many plant pathogens. 
Weindling and Emerson (1936) first reported the production of a metabolite toxic to 
Rhizoctonia solani and other fungi by Trichoderma viride. This substance was later designated 
gliotoxin (Weindling, 1941) after the fungal isolate used was found to be Gliocladium 
fimbriatum and not T. viride as first described (Weindling, 1937). Further confusion over the 
identification of the fungal strains followed: Brian (1944) reported that the fungus originally 
used by Weindling and Emerson (1936) was indeed T. viride, and Brian and McGowan (1945) 
described the production of a second antibiotic, named viridin, from other strains of T. viride. 
The taxonomic confusion, however, was cleared up by Webster and Lomas (1964) who showed 
that Weindling's gliotoxin producing isolate and the two isolates from which Brian and his co- 
workers obtained gliotoxin and viridin were not T. viride but were morphologically similar to 
G. virens. 
Gliocladium virens has been the most studied species of the Gliocladiiim genus in terms 
of the production of antibiotics. Antibiosis is potentially a principal component of the 
mechanism of biological control by G. virens, but an understanding of the mechanism is 
complicated by the possible presence of several metabolites. Lumsden et al. (1992) 
characterised the major secondary metabolites produced in a soilless medium by G. virens as 
(i) a mixture of fatty acids, (ii) viridin, (iii) gliotoxin, (iv) dimethylgliotoxin, (v) viridiol and (vi) 
a mixture of phenolics. The dimethylgliotoxin, fatty acids and phenolics were not inhibitory to 
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any of the fungi tested. Production of viridin may be important for biological control activity 
(Brian and McGowan, 1945), especially against Rhizoctonia solani, but production of this 
antibiotic may not be desirable (Wright, 1951). Viridin is readily converted to the reduced form, 
viridiol, which has little or no antimicrobial activity but has strong herbicidal activity (Howell 
and Stipanovic, 1994; Jones et al., 1988). Presence of this compound may result in undesirable 
phytotoxic effects on crop plants, especially in nutrient deprived environments. The most 
effective antifungal compounds produced by G. virens are the non-steroids, gliotoxin and 
gliovirin (Howell et al., 1993). 
Gliotoxin, a member of the epipolythiopiperazine-3,6-dione group of fungal metabolites, 
was first shown to be produced by G. virens by workers in the 1930s and 1940s (Weindling, 
1934; Brian and Hemming, 1945) and this metabolite, which has antibacterial and fungistatic 
activity, was specifically implicated in biocontrol mechanisms by Weindling (1941) and Wright 
(1954). More recently, Robert and Lumsden (1990) attributed the in vitro inhibition of Pythium 
ultimum growth and germination by culture filtrates of G. virens to gliotoxin. The metabolite 
was produced by G. virens in soil and soilless media suppressive to P. ultimum and Rhizoctonia 
solani (Lumsden et al., 1992) and maximal accumulation of gliotoxin was shown to correspond 
to the time of greatest disease suppressive activity (Lumsden and Locke, 1989). Di Pietro et 
al. (1993) reported that a synergistic interaction may exist between lytic enzymes, especially 
endochitinase, and gliotoxin, both produced by G. virens. Cell wall degrading enzymes 
produced in close proximity to the target organism could be important in lowering the critical 
concentration of gliotoxin necessary for inhibition. 
The production of gliovirin, a diketopiperazine, by G. virens was first reported by 
Howell and Stipanovic (1983). This antibiotic was highly toxic to Pythium ultimzim but inactive 
against other fungi associated with cotton seedling disease. Experiments using UV-light 
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induced mutants of G. virens showed that a gliovirin-deficient mutant did not inhibit growth of 
P. ziltimum in vitro or in vivo whereas a mutant with enhanced gliovirin production was more 
inhibitory than the parent isolate to P. ultimum in culture and showed similar efficacy as a 
seedling disease suppressant. In a study by Howell (1991) it was noted that certain strains of 
G. virens produced the antibiotic gliovirin, but not the antibiotic gliotoxin. Following this work, 
Howell et al. (1993) separated strains of G. virens into two distinct groups based on their 
antibiotic profiles. Strains of the "P" group produced the antibiotics gliovirin and heptelidic 
acid; gliovirin was very inhibitory to P. ultimum but showed no activity against R. solani. Strains 
of the "Q" group produced gliotoxin and dimethyigliotoxin; gliotoxin was more active against 
R. solani than against P. ultimum. Thus, different strains of the same antagonist fungus may 
produce a variety of antibiotic compounds which show differing activity towards different 
target organisms. 
In this chapter, the extraction of soluble metabolites produced by Gliocladium 
catemilatum and Groseum (PL1 isolate) in vitro is detailed, together with subsequent testing 
for antibiotic activity against Fusarizim culmorum. The aim of the experiment was to isolate 
the active metabolites responsible for the inhibition of mycelial growth and spore germination 
ofF. culmorum and Mn/vale shown in Chapters 4 and 5, in order that a preliminary study of 
their nature may be made. 
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6.2 MATERIALS AND METHODS 
6.2.1 Production and testing of culture filtrates of fungal antagonists 
Four replicate culture filtrates of Gliocladium catenulatum and G. roseum (PL1 isolate) 
were prepared (see General Methods, Chapter 2). Samples of each culture filtrate were tested 
at this stage for activity towards Fusarium culmorum by the method described in Chapter 4. 
5mm discs of the pathogen were inoculated onto potato dextrose agar (PDA) amended with 
the culture filtrates at a 60% dilution. The growth of pathogen colony was measured daily and 
the growth rate calculated and compared with a control treatment in which PDA was amended 
with sterile potato dextrose broth (PDB) in the place of culture filtrate. 
6.2.2 Extraction of soluble metabolites 
100ml quantities of culture filtrates of G. catenulatum and G. roseum (PL 1) were shaken 
with 50m1 of either chloroform or ethyl acetate on a rotary shaker for two hours. 100ml 
quantities of sterile potato dextrose broth were also extracted using chloroform or ethyl acetate 
and shaken to act as a control. The liquids were poured into 250ml conical separating funnels 
and left overnight for the aqueous and organic fractions to separate fully. Where chloroform 
was used in the extraction, the heavier organic layer was allowed to run off from the aqueous 
fraction and was retained in a glass conical flask with a glass stopper. In the case of ethyl 
acetate, the lighter ethyl acetate fraction was obtained after the aqueous fraction had been run 
off and discarded. The chloroform and ethyl acetate fractions from each antagonist species 
were dried separately in a rotary vacuum evaporator with a water bath at 40°C. 
Each dried chloroform or ethyl acetate extract was tested for antibiotic activity towards 
F. culmonim. A sample of extract was added to 10ml of either chloroform or ethyl acetate using 
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a sterile inoculating loop and shaken vigorously. 5mm diameter sterile filter discs were dipped, 
using sterile forceps, into the 10ml sample of solvent plus extract, the solvent was allowed to 
evaporate off and the disc placed on a 9.0 cm diameter Petri dish containing PDA, 5.5cm 
opposite a 5mm plug of F. culmorum. In control plates, filter discs were dipped in solvent only 
and placed opposite pathogen. Plates were sealed with Parafilm and incubated at 20°C. Each 
treatment was replicated five times. Mycelial growth of pathogen was measured daily. 
All bioassays in this experiment were carried out using F. culmorum as the test pathogen 
species because of its more rapid growth rate in vitro. 
6.2.3 Thin-layer Chromatography 
The dried extracts, contained in round bottomed flasks, were mixed with either lml 
chloroform or Iml ethyl acetate and separated using thin-layer chromatography. In preliminary 
examinations, 20µl extract were spotted, using 5 t1 disposable micro-pipettes, onto small, 
plastic-backed TLC plates (5 x 20 cm, 0.25mm silica gel, with UV light fluorescent indicator, 
Macherey-Nagel, Neumann-Neander-Strasse, Postfach 101352, Germany). Replicate plates 
were run in: (i) chloroform: acetone (90: 10), (ii) chloroform: cyclohexane (45: 55), (iii) 
cyclohexane: ethyl acetate (50: 50) using a glass developing tank with glass lid. On removal of 
the TLC plates from the tank, the solvent front was marked before evaporation of the solvent 
and the plates allowed to dry fully. The plates were observed under UV light (254 nm) using 
a hand held illuminator (Griffin & George, Bishop Meadow Road, Loughborough, 
Leicestershire, UK). UV active bands were marked and the distance from the solvent front 
measured. 
The chloroform and ethyl acetate extracts were then spotted onto large TLC plates (20 
x 20cm, 0.25 mm silica gel, with UV light fluorescent indicator; Whatman Labsales Ltd., St. 
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Leonard's Road, Maidstone, Kent, UK) at a rate of 50µl per spot and run in a solvent system 
of cyclohexane: ethyl acetate (50: 50). The plates were observed as before and bands visible 
under UV illumination were marked and their Rf values determined. 
6.2.4 Bioassay of ethyl acetate extracts 
The bands on the TLC plates were scraped, using a sterile mounted needle, onto sterile 
filter paper in a Petri dish. Each band was tested separately for antibiotic activity towards 
Fusarium culmorum. The scrapings from each band were added separately to 75m1 of cooled 
PDA and the agar was poured into five 9.0 cm Petri dishes. A control treatment was prepared 
in which scrapings from a TLC plate on which the PDB extract had been spotted were 
incorporated in PDA. Petri dishes were marked on the underside with a central cross and a 
5mm PDA disc of F. culmorum was inoculated centrally. Plates were sealed with Parafilm and 
incubated at 20°C. Colony growth was recorded daily. 
6.2.5 Tests for gliotoxin and viridin 
Tests to detect the antibiotics gliotoxin and viridin were carried out according to the 
methods described by Dennis and Webster (1971a). The presence of gliotoxin was tested by 
spraying the 5x 20 cm plastic backed TLC plates on which the extracts had been separated 
with silver nitrate reagent. A brown/black spot indicated the presence of gliotoxin. Viridin was 
detected by spraying further TLC plates with phloroglucinol-hydrochloric acid (8g 
phloroglucinol dihydrate, C6H3-1,3,5; (OH)3.2H20 [Aldrich Chemie, D-7924 Steinheim, 
Germany] dissolved in 100ml absolute ethanol with the addition of 20m1 concentrated 
hydrochloric acid. The presence of viridin was indicated by an orange-yellow colour. 
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6.3 RESULTS 
6.3.1 Extraction of soluble metabolites 
When tested against Fusarium culmorum (Table 6,1), the culture filtrates of 
Gliocladium catemilatum and G. roseum (PL1 isolate) used for extraction, were shown to cause 
similar inhibition of mycelial growth of pathogen to that observed previously (Chapter 4, 
section 4.2.1.2). 
Table 6.1. Effect of culture filtrates of Gliocladizim catemdatum and G. rosezum (PL1), 
incorporated into potato dextrose agar (PDA), on the radial growth rate of Fusarizim 
culmorum. 
Treatment Fusarium culmorum growth rate (mm/day)' 
Control (PDB) 8.95 ± 0.54 
Gliocladium catemrlatum 1.92 ± 0.18 
G. roseum (PL1 isolate) 1.86+0.18 
'Mean ± standard error of the mean (n=6). 
After full evaporation of the solvents, oily substances remained in the vessels. 
Extraction of culture filtrates of G. catenulatum and G. roseum (PL1) with chloroform gave 
yellow/green oily residues; extraction with ethyl acetate gave bright yellow oily residues. 
When the oily extracts were tested for inhibitory activity, no significant reductions in 
the growth rate of F. culmorum were observed. Mycelial growth of pathogen towards filter 
discs treated with extracts however was abnormal when compared to growth on the control 
plates. Mycelial development on test plates was thick and highly pigmented close to the 
inoculating plug but growth out from the plug was very thin, spreading across the agar surface. 
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6.3.2 Thin-layer Chromatography 
Development of TLC plates using a chloroform: cyclohexane (45: 55) solvent system 
gave no UV visible bands for the chloroform or ethyl acetate extracts of either Gliocladiarm 
catenulatum or G. roseum (PL1). UV active bands, however, were visible for both the 
chloroform and ethyl acetate extracts of the antagonists when plates were run in either 
chloroform: acetone (90: 10) or cyclohexane: ethyl acetate (50: 50) (Table 6.2). The highest 
number of bands were obtained for both antagonists when the ethyl acetate extractions were 
developed in a solvent system of cyclohexane: ethyl acetate (50: 50) and these bands were tested 
for activity against Firsarium culmorum. 
Table 6.2. Rf values of UV light-absorbant bands obtained by thin-layer chromatography 
(TLC) of culture filtrate extracts of Gliocladium catenulatum and G. roseum (PL 1) when plates 
were developed in two different solvent systems. 
Solvent system in TLC developing tank 
90 chloroform: 10 acetone 50 cyclohexane: 50 ethyl 
acetate 
Chloroform extraction 
Gliocladium catenulatum 1 band: Rf 0.26 
G. roseum (PL1 isolate) 3 bands: Rf 0.41,0.28, 
0.26 
5 bands: Rf 0.47,0.43,0.39, 
0.37,0.22 
4 bands: Rf 0.45,0.41,0.37, 
0.32 
Ethyl acetate extraction 
Gliocladium catenulatum 5 bands: Rf 0.56,0.45, 
0.37,0.32,0.26 
6 bands: Rf 0.72,0.53,0.37, 
0.32,0.30,0.26 
G. roseum (PL1) 3 bands: Rf 0.42,0.39, 
0.32 
9 bands: Rf 0.72,0.53,0.47, 
0.42,0.39,0.32,0.30,0.26,0.13 
The ethyl acetate extraction of the G. catemrlatum culture filtrate showed four major 
(Rf 0.72,0.53,0.37,0.26) and 2 minor bands under UV light when TLC plates were run in 
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cyclohexane: ethyl acetate (50: 50) (Table 6.2). Two of these bands, with Rf values 0.53 and 
0.37, gave a significant reduction in mycelial growth of F. czrlmorum when bioassayed (Figure 
6.1). When scrapings from bands Rf 0.32 and Rf 0.26 were incorporated into agar, there was 
a slight, but not significant, decrease in the growth rate of F. culmorum when compared with 
the control treatment. The two remaining bands (Rf 0.72,0.30) were not inhibitory to growth 
of F. culmorum. 
The ethyl acetate extraction of the G. roseum (PL1)culture filtrate showed three major 
bands (Rf 0.72,0.43,0.26) and six minor bands under UV light when TLC plates were 
developed in cyclohexane: ethyl acetate (50: 50) (Table 6.2). When bioassayed, four of the bands 
(Rf 0.53,0.47,0.26,0.13) significantly reduced the growth rate of F. culmorum when 
compared with the control treatment (Figure 6.2). One band (Rf 0.32) gave a slight, but not 
significant, reduction in the mycelial growth of F. culmorum. The four remaining bands (Rf 
0.72,0.42,0.39,0.30) were not inhibitory to growth of F. culmorum. 
6.3.3 Tests for gliotoxin and viridin 
The tests for gliotoxin and viridin were negative for Gliocladium catenulatum and 
G. roseum (PL 1) culture filtrates when both ethyl acetate and chloroform were used for 
extraction. 
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6.4 DISCUSSION 
Much research has been carried out on the identification and characterization of 
inhibitory metabolites produced by Gliocladium virens. Such work- may lead to a fuller 
understanding of the mechanisms of antibiosis in each species and it may be that the active 
substances could be of use in biological preparations for control of Fusarium diseases. 
In the initial bioassay of the crude chloroform and ethyl acetate extracts of Gliocladium 
catenulatum and G. roseum (PL1 isolate) culture filtrates, no significant inhibition to growth 
of Fusarnim culmorum occurred. It was noted, however, that growth of pathogen towards 
filter discs which had been treated with the test extracts was abnormal when compared with the 
control treatments. The mycelial growth was very thin and spreading across the surface of the 
agar and indicated that growth of F. culmorum was being affected in a detrimental way. This 
result was not as anticipated, particularly when subsequent results from TLC bioassays were 
taken into consideration and the method of the initial bioassay was, therefore, brought into 
question. When setting up the bioassay, crude extract was obtained using a wire loop and this 
was redissolved in 10ml of the appropriate solvent and used to treat the filter discs. It is 
probable that insufficient extract was transferred on the wire loop and in hindsight, it would 
have been preferable to remove 20-40µl of the crude extract using a micropipette. 
Separation of the crude extracts of the two antagonist species using thin-layer 
chromatography indicated the presence of several chloroform and ethyl acetate-soluble 
compounds. The activity of chloroform-soluble compounds was not determined but tests 
showed that several ethyl acetate-soluble compounds did inhibit growth of Fusarizrm 
culmorum. Thin-layer chromatograms of the ethyl acetate extracts of G. catenulatum and 
G. roseum (PLI) culture filtrates showed that the two fungal antagonists produced five 
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compounds in common. Both G. cateinrlatum and G. roseum (PL1) produced a compound with 
Rf value 0.53 that reduced the growth rate of F. czrlmorum by approximately 20% when 
compared with the control treatment and compounds with Rf values 0.32 and 0.26 also 
inhibited pathogen growth. The compounds with Rf values 0.72 and 0.30 did not affect growth 
of F. culmorum when produced by either antagonist. 
There are no reports in the literature concerning the extraction and separation of culture 
filtrates of Gliocladium catenulatum or G. roseum. Brian and Hemming (1945) noted that 
G. catenulatum culture filtrates showed high antifungal activity when tested against Botrytis 
allii and were "worth further investigation. " Culture filtrates of G. roseum, however, were 
reported to have little inhibitory effect on cultures of Thielaviopsis basicola (Smith, 1960). The 
antibiotics produced by G. virens have been studied extensively and production of such 
substances has been implicated as a mechanism of action in the biological control of several 
soil-borne plant pathogens. G. catenulatum and G. roseum (PL1) may produce a similar range 
of compounds in liquid culture to that produced by the closely related species, G. virens. 
Lumsden et al. (1992) characterized the major secondary metabolites produced by a 
formulated strain of Gliocladium virens, using a chloroform: acetone (7: 3, v/v) solvent system, 
Rf values of four metabolites produced by G. virens compare with bands obtained on TLC 
separation of G. catenulatum and G. roseum (PL1)extracts. Lumsden et al. identified the 
compound with Rf value 0.54 as gliotoxin, Rf value 0.43 as dimethylgliotoxin, Rf value 0.32 
as viridiol and Rf value 0.26 as a mixture of phenolic compounds. This report may help to 
identify three of the six bands shown by G. catenulatum and four of the seven bands shown by 
G. roseum (PL1). However, because of differences in TLC plates, solvent systems and 
development conditions, the Rf values do not always agree exactly with those reported and 
unequivocal identification cannot be achieved without further analysis of the test extracts. 
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According to Lumsden et al. (1992), dimethyigliotoxin and the phenolic compounds 
were non-inhibitory to the pathogen fungi, Pythium ultimum, Rhizoctonia solani and 
Sclerotium rolfsii. The compound produced by G. roseum (PL1) with Rf value 0.42 (? 
dimethylgliotoxin) was not inhibitory to Fusarium culmorum. The putative phenolic 
compounds (Rf 0.26) obtained from G. catenulatum and G. roseum (PL1) extracts, however, 
did decrease the growth rate of F. culmorum. Both G. catenukztum and G. roseum (PLI) 
produced a compound with an Rf value identical to one which Lumsden et al. reported to be 
the phytotoxin, viridiol. Lumsden et al. observed that this compound had slight antifungal 
activity and the compound isolated in the present work, was inhibitory to growth of 
F. culmorum. No evidence of the antibiotic, viridin, was detected in extracts of G. catenulatum 
or Groseum (PLl): spraying TLC plates with phloroglucinol-hydrochloric acid tested negative 
and no band was observed with an Rf value of 0.59. Brian (1944) noted that viridin was 
unstable and Jones and Hancock (1987) reported the irreversible enzymatic conversion of 
viridin to viridiol, its reduced analogue, in liquid culture. 
A compound with Rf value 0.53 which significantly reduced growth of Fusarium 
culmorum was produced by G. catenulatum and G. roseum (PL1). This Rf value is very similar 
to the band at Rf 0.54 found by Lumsden et al. and which was identified as gliotoxin. The 
antifungal activity of the antibiotic, gliotoxin, has been described by many workers and it is 
thought to be the major inhibitory metabolite produced by G. virens. When the TLC plates in 
the present work were sprayed with silver nitrate however, the UV-absorbing band 
corresponding to the mobility of gliotoxin (Rf 0.53) did not test positive for the antibiotic. 
Brian and Hemming (1945) reported inhibition to growth of F. culmorum was caused by 
gliotoxin at a minimum concentration of 3.75gg/ml. Wilhite et al. (1994) determined the 
sensitivity of the silver nitrate test by running a series of gliotoxin standards and reported that 
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spraying TLC plates with 0.1M silver nitrate could detect 0.25µg of gliotoxin. Given, therefore, 
that the growth rate of F. culmorum was reduced by the compound with Rf value 0.53, a 
sufficient amount of the antibiotic, if it were indeed gliotoxin, should have been present to test 
positive with silver nitrate. In the absence of running a pure gliotoxin standard on TLC plates 
alongside the test extracts, identification of the inhibitory band with Rf 0.53 is inconclusive. 
Howell and Stipanovic (1983) reported that gliovirin, an antifungal substance visible 
under UV light, was produced by Gliocladium virens. It is possible that one of the UV light 
absorbing inhibitory compounds isolated from G. catemdatum (Rf 0.37) or G. roseum (PL1) (Rf 
0.47,0.13) could be this metabolite. Rf values were not detailed in any of the reports 
concerning gliovirin, nor was the antibiotic's activity against F. culmorum examined, no definite 
conclusions can, therefore, be drawn as to the presence of gliovirin. 
Dunlop et a!. (1989) reported the extraction, with ethyl acetate, of a yellow oil from 
a broth culture of Trichoderma koningii. On separation of the oil using TLC, one major 
metabolite, a non volatile antibiotic, with Rf 0.13 was isolated. This compound inhibited 
growth of Gaeumannomyces graminis, Fusarium oxysporum and other soil-borne plant 
pathogens. 
Although the results of the work presented in Chapter 6 are not conclusive, they have 
shed further light on the possible role antibiotics may play in the mechanisms of biological 
control of Frisarium culmorum exhibited by Gliocladium catenulatum and G. roseum (PL1). 
It is clear that G. catenulatum and G. roseum (PL1) produced a similar range of compounds 
when grown in liquid culture, some of which were inhibitory to pathogen growth. Further 
research could establish the activity of selected fractions of culture filtrates of the test 
antagonists on in vivo disease control of Fusarium seedling blight. Such metabolites could be 
produced in culture, under optimal conditions, and used, for example, as seed treatments to 
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arrest pathogen growth and thus reduce disease severity. 
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CHAPTER 7 
SCANNING ELECTRON MICROSCOPE STUDY OF HYPHAL INTERACTIONS 
ON WHEAT SEED BETWEEN FUSARIUM CULMORUM AND MICRODOCHIUM 
NIVALE AND ISOLATES OF J76, GLIOCLADIUM CATENULATUM AND 
G. ROSEUM 
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7.1 INTRODUCTION 
Whipps (1992) defined a mycoparasite as "a fungus growing in intimate association 
with another from which it derives some or all of its nutrients while conferring no benefit in 
return. " The mycoparasites may be separated into two major groups based on the mode of 
parasitism. Biotrophic (balanced) mycoparasites are able to obtain nutrients from living host 
cells with little or no apparent harm to the host. Necrotrophic (destructive) mycoparasites, on 
the other hand, kill host cells, often before contact and/or penetration, and utilise the nutrients 
that are released. The latter group of fungi therefore tend to behave like saprophytes: they do 
not require nutrients from other organisms but their growth is often enhanced as they overgrow 
and kill colonies of susceptible fungi. Many fungi have been reported to parasitise other 
microorganisms both in vitro and in vivo but with few exceptions, the necrotrophs are the 
major potential biocontrol agents. 
Early work by Weindling (1932) described the mycoparasitism exhibited by 
Trichoderma lignorum (reclassified as Gliocladium virens (Webster and Lomas, 1964)) 
towards Rhizoctonia solcud, the causal agent of damping-off disease of citrus seedlings. During 
in vitro experiments, hyphae of T. Iignorum produced side branches which coiled round the 
aerial hyphae of the host, the hyphal protoplasm coagulated and on hyphal breakage, the 
granular contents exuded by Rhizoctonia solani attracted the Trichoderma species. In the 
medium itself, Weindling (1932) observed that coiling occurred rarely and that host hyphae 
often died and broke up in advance of the invading Trichoderma colony. 
Since Weindling's work in the 1930s there have been numerous reports in the literature 
of necrotrophic interactions between different fungal species. Most of the literature pertains to 
dual culture studies which have investigated, for example, different modes of parasitism, the 
role of toxic substances and the early reactions at the host-parasite interface. There is, however, 
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little information which describes the biology of mycoparasitism in natural environments and 
there is little direct evidence to suggest that interfungus parasitism is an important factor 
affecting the survival of fungi in their natural habitat. 
The mode of parasitism among necrotrophic mycoparasites is similar in many species 
but variations do occur with different host-parasite combinations. Some necrotrophs (e. g. 
Trichoderma species, Weindling, 1932) cause lysis of host cells well in advance of actual 
hyphal contact, presumably via toxin production. Using videomicroscopy, Berry and Deacon 
(1992) showed that hyphae of Pythium aphanidermatum and Rhizoctonia solani, grown on 
water agar, were antagonised by pre-contact antibiosis by single hyphae of Gliocladium roseum 
at distances of up to 350µm and 30µm respectively. Arora and Dwivedi (1980) reported that 
Fusarium poae and Microdochium (Fusarium) nivale caused heavy granulation and 
vacuolation of R. solani cytoplasm before hyphal contact. In other necrotrophic interactions, 
the host is killed upon or shortly after hyphal contact. Host cells are killed only after hyphal 
contact in the majority of G. roseum-host interactions (Barnett and Lilly, 1962; Berry and 
Deacon, 1992) and the occurrence of post-contact antagonism has also been reported for the 
parasitism of Sclerotinia scterotiorum by Coniothyrium minitans (Huang and Hoes, 1976), the 
parasitism of Rhizoctonia solani and Pythium species by Trichoderma hamatum (Chet et al., 
1981) as well as in many other cases. 
Several different types of interaction following the contact of host and parasite hyphae 
have been described. Upon contact with host hyphae a number of mycoparasites have been 
shown to produce appressorium-like structures. Lifshitz et al. (1984) reported the production 
of globular appressoria by Pythium nenn on contact with the hosts, P. aphanidermatum, two 
species of Phytophthora and R. solani, and similar appressorial formations were shown when 
Trichoderma hamatum attacked R. solani (Chet et al., 1981). After the formation of 
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appressoria the mycoparasite may penetrate the host hyphae to form intracellular parasitic 
hyphae (Tu and Vaartaja, 1981; Lifshitz et al., 1984; Chet et n!., 1981). In other mycoparasite- 
host interactions, between for example, Gliocladium catemrlatum and Sclerotinia sclerotiorum 
(Huang, 1978), appressoria were formed but host cells never penetrated and in other cases such 
as the interaction between Pythium acanthicum and several fungal hosts (Hoch and Fuller, 
1977), penetration of host cells by the mycoparasite was reported as direct, without the 
formation of appressoria. 
One of the most frequently observed parasite-host interactions is the coiling and 
proliferation of mycoparasite hyphae on those of their hosts. Butler (1957) showed that 
Rhizoctonia solani parasitized other soil borne fungal species, such as Pythium species and 
Mucor species, by penetrating the hyphae and/or by coiling round them. Butler (1957) also 
demonstrated that R. solani coiled only sparsely round glass fibrils of comparable thickness to 
host hyphae and concluded that coiling was a thigmotropic response and that a chemical 
stimulus was required by the mycoparasite to initiate the development of parasitic hyphal coils 
and infection hyphae. Dennis and Webster (1971c) reported that hyphae of numerous 
Trichoderma isolates, including strains of T. viride, T. koningii and T. harzianum, coiled around 
hyphae of a range of fungal hosts such as Pythium ultimzrm and Rhizoctonia solani. Isolates 
of T. harzianum which displayed no apparent ability to produce antibiotics were capable of 
coiling around hyphae of other fungi (Dennis and Webster, 1971c) and it was also noted that 
isolates which produced non-volatile antibiotics (Dennis and Webster, 1971 a) did not coil so 
profusely as some isolates which showed no antibiotic activity (Dennis and Webster, 1971c). 
The significance of coiling in mycoparasitic interactions is not clear. Howell (1987) recognised 
"non-mycoparasitic" mutants of Gliocladium virgins by their failure to coil round and penetrate 
hyphae of the host, Rhizoctonia solani, and Lifshitz et al. (1984) and Elad eta!. (1985) used 
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hyphal coiling to indicate the host range of Pythium nzrnn. From their work on Trichoderma 
species, Dennis and Webster (1971 c) reported that coiling was not associated with penetration 
and suggested that it might be a means of establishing close contact between parasite and host 
so that antibiotics or enzymes might be more effective. Laing and Deacon (1991), however, 
observed that in interactions with various hosts Pythium oligandrum and other mycoparasitic 
Pythium species only coiled round hyphae of the most resistant hyphal regions of hosts. 
The production of cell wall degrading enzymes, such as $3 1-3 glucanase, chitinase and 
cellulase, by fungal parasites has been implicated in many aspects of necrotrophic 
mycoparasitism (Chet, 1987). Several mycoparasites, such as Gliocladium roseum (Pachenari 
and Dix, 1980), Pythium minn (Elad et al., 1985) and Pythium oligandrum (Lewis et al., 1989) 
have been shown to secrete such enzymes in liquid culture, the synthesis being induced by the 
presence of host fungi or host wall components. Elad et al. (1982) reported that Trichoderma 
harzianum secreted ß 1-3 glucanase and chitinase, lytic enzymes which were responsible for 
the lysis of fungal cell walls, and the in vitro degradation of mycelium of Rhizoctonia solani, 
Sclerotinia rolfsii and Pythium aphanidermatum was demonstrated. When T. harzianum 
attacked S. rolfsii, lipases were found in the growth medium. Elad et al. (1982) suggested that 
T. harzianum attacked a host mycelium first by dissolving its cell wall and then by hyphal 
penetration; extracellular enzymes, such as lipase and protease, were then used in a further 
breakdown of the host. The presence of glucanase and chitinase in soil which had been 
inoculated with T. harzicnnum was demonstrated and there was a strong correlation between the 
amount of hydrolytic enzymes produced by different isolates and their ability to attack soil- 
borne pathogens. The exact role of mycoparasite-derived enzymes, however, was questioned 
by Deacon and Berry (1992) and they suggested that autolysis of host cells in response to stress 
imposed by a mycoparasite might play some part in parasitic events. 
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Evidence within the three previous chapters has indicated that antibiosis is one 
mechanism involved in the antagonism of Fusarium culmorum and Microdochium nivale by 
Gliocladium catenulatum and the two isolates of G. roseum; no mode of action for the 
antagonism displayed by the Finnish fungal isolate, J76, however, has been determined. The 
preliminary light microscope examination of pathogen-antagonist dual cultures described in 
Chapter 3 showed the occurrence of a number of hyphal interactions, such as hyphal coiling and 
penetration and indicated that mycoparasitism could be a mechanism involved in the 
relationship between the antagonist and pathogen species. The work reported in this chapter 
aimed to investigate the pathogen-antagonist relationship in more detail and to determine 
whether mycoparasitism was indeed involved in the inhibition of F. culmorum and M. nivale by 
the four antagonist isolates, G. catenulatum, Groseum (isolates IMI 040222 and PLl) and J76. 
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7.2 MATERIALS AND METHODS 
7.2.1 Seed Inoculation 
25g wheat seed (Triticum aestivum var. Mercia) were surface sterilised following the 
method described in Chapter 2. The seed was divided equally into two and each sample was 
inoculated with a spore suspension of either Fusarium culmorum or Microdochium nivale at 
the application rate given in Table 7.1 (for a more detailed method refer to Chapter 2). Each 
seed sample was then further split into 5 equal lots of 2.5g. One sample received no further 
treatment (Inoculated Control) while spore suspensions of J76, Gliocladium catenulatum and 
G. roseum (IMI 040222 and PL1 isolates) were applied to the remaining lots at the rates given 
in Table 7.1. 
Table 7.1. Rates of application of pathogen and antagonist inocula to seed. 
Isolate Identity Rate of Application 
Fusarium culmorum 4x 103 spores/g 
Microdochium nivale 4x 10' spores/g 
J76 (Finnish fungal isolate) 4x 10' spores/g 
Gliocladiarm roseum (IMI 040222) 4x 10' spores/g 
G. catemilatum 4x 10; spores/g 
G. roseum (PLI isolate from wheat stem base) 4x 10' spores/g 
Seeds from each treatment were plated onto potato dextrose agar (PDA) and the Petri 
dishes sealed with Parafilm. Petri dishes containing seeds from the Inoculated Control 
treatments were incubated in the dark at 20°C for 24 hours or four days; seeds which had been 
treated with pathogen and antagonist spore suspensions were incubated under the same 
conditions for four days. 
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7.2.2 Scanning-electron microscopy (SEM) 
From each seed treatment 8 seeds were transferred for fixation to a 7ml glass vial 
containing 3% glutaraldehyde in 50mM phosphate buffer at pH7. Vials were placed in a 
refrigerator at 4°C for 24 hours. Dehydration was accomplished through a graded series of 
alcohol/acetone concentrations in water. Once in dry acetone the seed samples were critically 
point dried in a Balzers CPD-020 manual unit with CO2 as the transitional fluid. Samples were 
mounted on aluminium stubs using conductive carbon adhesive with two seeds per stub, one 
positioned crease down, the other crease upward. The seeds were then coated with gold in an 
Edwards S150 sputtering unit with argon as the inert gas. Seeds were examined with a 
Cambridge Stereoscan 200 scanning electron microscope at an acceleration potential of 10kV 
and a5- 7mm working distance. 
7.3 RESULTS 
7.3.1 Scanning electron microscope examination of seeds treated with Fusarium 
culmorum or Microdochium nivale 
Seed which had been treated with a spore suspension of either Fusarium culmorum or 
Microdochium nivale and incubated on potato dextrose agar (PDA) for 24 hours or four days 
prior to fixing were compared under scanning electron microscope (SEM) examination. 
Although no detailed counts were made, it was observed that very few pathogen spores were 
visible on the surface of seeds which had been incubated for only 24 hours. Of those spores 
which were seen, the majority were present in the crease of the seed rather than on the back. 
It was also noted that the number of spores which had germinated was greater in the area of 
the seed crease than elsewhere on the seed. A much higher number of spores was observed on 
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seed which had been incubated for four days and it was estimated that the number of spores 
seen was in the region of that expected given the concentration of the spore suspension applied 
i. e. approximately 200 F. culmorum spores/seed and 2000M. nivale spores/seed. The number 
of spores in the area of the crease still appeared to be greater than that on the back of the seed 
but the proportion of spores which had germinated after four days incubation did not seem to 
be affected by the spore's position on the seed. 
7.3.2 Hyphal interaction of the pathogen and antagonist isolates on wheat seed 
Under the SEM, pronounced mycoparasitism by J76, Gliocladium catenulatum and 
G. roseum (isolates I! 040222 and PL1) on Fusarium culmorum and Microdochium nivale 
was observed. Each individual antagonist appeared to parasitise F. culmorum and Mnivale in 
an identical manner and there were a number of similarities in the behaviour of the four 
antagonist isolates. In each case the antagonist hyphae were more slender than those of 
F. culmorum andM. nivale, the hyphal diameters of the antagonist being approximately a third 
that of the pathogen, and this feature served to distinguish the two fungi in regions of contact. 
Several different interactions were seen when antagonist and pathogen hyphae made 
contact. Antagonist conidia germinated readily on the surface of the seed and hyphae grew and 
branched prolifically on and around the pathogen mycelium (Plate 7.1). Growth of antagonist 
hyphae did not always appear to occur in a random manner and hyphal tips tended to grow 
toward the pathogen. Gliocladium catenulatrim for example, showed a definite attraction 
toward F. czrlmorum spores (Plate 7.2): a main hypha branched on the side nearest the spore 
and this branch then grew directly toward the pathogen. 
Upon contact, each of the four antagonist isolates grew parallel to the host, along the 
hyphal surface. Coiling of antagonist hyphae around either pathogen species was rarely 
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observed. Behind the apical leader hyphae, short clasping branches were produced which 
partially or completely surrounded the pathogen hyphae bringing the two fungi into very close 
contact (Plates 7.3,7.4,7.6). Branches of G. catenulatum and the two isolates of G. roseum 
occasionally swelled at their tips on contact with the pathogen to form appressorium-like 
structures of various shapes. When G. roseum (PL1) came into contact with F. culmorum for 
example, globular (Plate 7.8) and kidney-shaped (Plate 7.9) appressoria were observed. Small 
branches of J76 attacked F. culmorum and M nivale hyphae without the formation of apical 
swellings (Plate 7.5). It was not clear from the SEM, however, whether antagonist hyphae 
penetrated and grew within the pathogen hyphae. Slight depressions of the pathogen cell wall 
were observed when antagonist branches attacked the pathogen hyphae (Plates 7.4,7.7,7.10) 
and these could indicate points of penetration. Disintegration of the pathogen cell wall was seen 
when the pathogen and antagonist hyphae were brought into close contact via the clasping 
branches (Plate 7.4) and by direct attack of small antagonist branches (Plate 7.5,7.8). 
Parasitism progressed from that early stage through an intermediate stage (Plate 7.6) to a late 
stage where the pathogen hyphae completely collapsed and died (Plate 7.4, arrows). In addition 
to killing vegetative cells, J76 and G. catenulatum were also seen to attack the macroconidia 
of the pathogen causing them to shrink and collapse (Plate 7.7). 
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7.4 DISCUSSION 
The mycoparasitic interactions between many different fungal hosts and parasites have 
been investigated using light and electron microscope techniques but the majority of the results 
reported have been based on dual culture studies performed on synthetic media. The relevance 
of dual-culture agar studies has been discussed in Chapter 3 and in this study the interactions 
between pathogen and antagonist fungi occurring on the seed itself were observed. The 
different fungi were applied to wheat seed at the same concentrations that were used in the 
various controlled environment experiments (Chapters 3 and 8) and in the outdoor trial 
(Chapter 9), the seeds were then plated onto agar (PDA) and incubated to allow spores to 
germinate and hyphae to develop; any fungal growth observed on the seed surface would be 
in response to the natural seed exudates. This method was considered to mimic more closely 
the conditions that would be encountered by a seed-applied biological control agent, although 
pathogen spores and/or hyphae on naturally infected wheat seed would probably differ 
considerably in distribution and nature from those resulting from the application of an 
"artificial" spore inoculum. In retrospect, it would have been preferable to incubate the seed 
on a very low nutrient agar or on moist filter paper; low nutrient conditions would more closely 
resemble those that prevail in soil. 
Wheat seed which had been inoculated solely with suspensions of pathogen spores were 
fixed and observed under the SEM after a short (24 hour) and longer (4 day) incubation period 
on agar. The number of spores on the seed after the short incubation was very low given the 
concentration of the spore suspension applied but after the longer incubation, the number of 
spores observed was approximately that which would have been expected. The majority of 
spores which were seen after 24 hours incubation had germinated and after four days all spores 
had germinated. It was thought that germ tubes would have served to anchor spores more 
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firmly to the seed surface and those spores which had not germinated may have been lost in the 
fixing and dehydrating preparative processes prior to observation under the SEM. The crease 
of the seed may have provided a microclimatic environment more conducive to spore 
germination: a higher proportion of germinated spores was seen in the area of the crease rather 
than on the back of the seed after an incubation of 24 hours. 
A number of studies have examined details of the mycoparasitic interaction between 
members of the Gliockrdium genus, particularly G. roseum, and various fungal hosts, and many 
similarities in the mode of attack of the different hosts appear to exist. Individual antagonists 
in the present work seemed to parasitise both Fusarium culmorum and Microdochium nivale 
in the same manner. Similarities were also seen between the modes of attack of G. catenulatum 
and G. roseum and this observation is in agreement with Deacon and Berry (1992) who 
reported that G. catenarlatum (and G. atrum) behaved identically to G. roseum in interactions 
with F. oxysporum and suggested that the three species had a common "mycoparasitic 
strategy. " There are no reports in the literature which discuss the mode of antagonism of the 
Finnish fungal isolate J76 but the SEM study demonstrated that J76 was a very effective 
mycoparasite ofF. culmorum andM. nivale and that its mode of action appeared to have much 
in common with that of G. catenarlatum and G. roseum. 
Hyphae and hyphal branches of the four antagonist isolates appeared, in many cases, 
to show a definite attraction toward the pathogens. The occurrence of tropic growth has been 
reported in several host-mycoparasite relationships. Berry and Barnett (1957) observed that 
spores of Piptocephalis virginiana usually put out a single germ tube from the side nearest the 
host which then grew directly toward the host. A phenomenon similar to that shown in Plates 
7.2 and 7.5 was reported by Huang (1978). Hyphal branches of G. catenulatum were readily 
induced and grew towards nearby host hyphae, and Huang (1978) suggested that the host- 
181 
mycoparasite interaction was based on positive chemotropism. 
One of the most common interactions seen with J76, G. catenulatum and G. roseum was 
the formation of short hyphal branches which clasped tightly round the pathogen hyphae at 
regular intervals. These branches may serve as a way of establishing very close contact between 
the antagonist and pathogen hyphae and increasing the effectiveness of any toxins or enzymes 
produced by the antagonist for the destruction of the host. Pachenari and Dix (1980) noted that 
the need for contact or near contact between mycelia before any harmful effects were noticed 
was a general feature of necrotrophic mycoparasitism. Jordan and Barnett (1978) reported that 
the biotrophic mycoparasite, Melanospora zamiae formed short contact branches which 
partially or completely surrounded hyphae of Tritirachium sp. and "Fusarium roseum, " and 
Traquair and McKeen (1978) observed the formation of sickle-shaped branches by 
Hirshioporus pargamenus which clasped around hyphae of Ceratocystis fimbriata. The 
production of such clasping branches, however, has not been commonly described in the 
literature. 
The most frequently reported host-parasite interaction is the coiling of mycoparasite 
hyphae around those of the host. In the present study, although the antagonists proliferated 
greatly on the surface of the pathogen mycelia, J76 hyphae were only very rarely seen to coil 
around those of the pathogen and coiling of G. catenzilatum or G. roseum was never observed. 
Alekseeva et at (1992) reported that G. catenulatzim coiled tightly around aerial hyphae of a 
number of pathogenic hosts but that coiling was not observed in the hyphal interaction between 
G. caternrlatum and VVerticillium tenerum, in which appressoria were formed. Pachenari and Dix 
(1980) infrequently saw coiling of G. roseum around Botrytis allii, and Deacon (1976) 
suggested that hyphal coiling might be more indicative of host resistance than successful 
parasitism. 
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Hyphae of Gliocladium catenulatum and the two isolates of G. roseum were observed 
occasionally to swell at the tips upon contact with the pathogen to form appressoria-like 
structures. Formation of appressoria is not typical with necrotrophic mycoparasites (sense 
Barnett and Binder, 1973) and was not observed with the mycoparasites Pythium acanthictim 
(Hoch and Fuller, 1977), P. oligandrum (Drechsler, 1946) or Coniothyrizrm minitans (Huang 
and Hoes, 1976). Other fungal species, including several members of the Gliocladizrm genus, 
however, have been shown to form appressoria-like structures in their interactions with other 
fungi. A scanning electron microscope study by Tu and Vaartaja (1981) showed that hyphae 
of Gliocladium virens formed triangular, kidney or rounded-shaped appressoria immediately 
upon contact with hyphae of the host, Rhizoctonia solani. The formation of 
"pseudoappressoria" by G. catenulatum on Sclerotinia sclerotiorum and several Fusarium 
species was shown by Huang (1978), and Alekseeva et al. (1992) noted the development of 
appressoria by G. catemilatarm on the hyphae of Verticillium tenerzum. Appressorial formation 
was also demonstrated in the interaction between G. roseum and Botrytis allii hyphae (Walker 
and Maude, 1975). The role of appressoria in necrotrophic mycoparasitic interactions has not 
been clarified. Huang (1978) suggested that the pseudoappressoria produced by G. catenulatum 
might function as holdfasts to ensure a firm contact with the host cells but appressoria have also 
been reported to play a role in the penetration of host hyphae by the parasite and in the 
development of an intracellular hyphal network. In the present scanning electron microscope 
study it was not determined with any degree of certainty whether or not the four antagonist 
isolates penetrated hyphae of F. culmorum or M. nivale. The slight depressions in F. culmor: um 
and Mnivale cell walls observed when hyphae of J76, G. catenulatum and G. roseum (PLI) 
contacted and possibly penetrated the pathogen were similar to those described by Huang and 
Hoes (1976) on the penetration of Sclerotinia sclerotiorum by Coniothyrium minitans. Huang 
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and Hoes (1976) suggested that the presence of such depression might indicate that physical 
forces could play a role in the penetration of host cells by the mycoparasite. Sites of possible 
penetration by hyphal tips of G. catemrlatiim and G. roseum (PL 1) are marked on Plates 7.4 and 
7.10, and results from Chapter 3 indicated that, on agar, G. roseum (IMI 040222) could be 
capable of penetrating hyphae of F. culmorum but a more detailed light microscope study or a 
transmission electron microscopic examination would be needed to confirm the exact nature 
of the interaction. There is some disagreement in the literature whether or not Gliocladium 
species penetrate and form internal mycelia within the fungal host. Walker and Maude (1975) 
for example, showed that infection of Botrytis allii by G. roseum involved the penetration of 
G. roseum within the Botrytis hypha from an appressorium, followed by the development of 
intracellular hyphae. Barnett and Lilly (1962) on the other hand, reported no penetration of 
hyphae of Rhinotric/nrm macrosporum by G. roseum, and the same antagonist did not penetrate 
the hyphae of Rhizoctonia solani (Pugh and Van Emden, 1969). In a study of G. roseum on 11 
potential hosts, including F. culmorum, using videomicroscopy, Berry and Deacon (1992) never 
saw internal growth of the mycoparasite but suggested that it was possible that the parasite 
damaged cells by "attempted or aborted penetration. " The closely related species, 
G. catenulatum was shown to be only capable of surface parasitism of Sclerotinia sclerotiorum 
and the Fusarium species, F. equiseti, F. oxysporum, F. poae and F. sporotrichiodes (Huang, 
1978) but another member of the genus, G. virens, in its interaction with Rhizoctonia solani 
penetrated the host hyphae and formed intracellular parasitic hyphae (Tu and Vaartaja, 1981). 
It is possible that some fungal hosts could be more susceptible to attack by penetration by a 
mycoparasite than others and this may explain the range of responses displayed by members 
of the Gliocladizrm genus. 
The disintegration of cells of Fusarium culmorum and Microdochium nivale by J76, 
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Gliocladium catenulatum and the two G. roseum isolates suggested that enzymatic activity 
might have been involved when the antagonist made contact with the pathogen hyphae. 
Pachenari and Dix (1980) demonstrated an increased ß 1-3 glucanase activity and the formation 
of chitinase by G. roseum and suggested that the production of such cell wall degrading 
enzymes by G. roseum could play a major part during mycoparasitic attack. The production of 
cell wall degrading enzymes by fungi is not uncommon, Chesters and Bull (1963) for example, 
reported that 90% of 160 fungi tested were able to produce ß 1-3 glucanase. Pachenari and Dix 
(1980) noted that living hyphae would normally inactivate cell wall degrading enzymes and 
suggested that the first stage of attack of a necrotrophic mycoparasite might be the antagonism 
of the host by the production of metabolic poisons in the form of toxins or antibiotics. Barnett 
and Binder (1973) first implicated the involvement of toxic substances in necrotrophic 
mycoparasitism but exact details of the role of toxins are not well understood. Dennis and 
Webster (1971a, 1971b) reported that mycoparasitic Trichoderma species produced a range 
of antifungal antibiotics, and the presence of toxins in culture filtrates of Hirshioporus 
pargamemis which were active against the host Ceratocystis fimbriata was shown by Traquair 
and McKeen (1978). The isolates of G. catemilatum and G. roseum used in the present study 
produced substances toxic to F. culmorum and M. nivale hyphae and conidia (refer to Chapters 
4,5 and 6) and culture filtrates of J76 were shown to be toxic to pathogen spores (Chapter 4). 
Such antifungal compounds, therefore, might act as a preliminary mode of attack, being 
produced by the antagonist just before or upon contact with the pathogen hyphae to deactivate 
host defence mechanisms prior to enzymatic degradation of the host cells by the parasite. 
The scanning electron microscope study described in this chapter demonstrated 
therefore that J76, Gliocladium catenulatum and the two isolates of G. roseum were 
necrotrophic mycoparasites of Fiisarium culmorum and Microdochium nivale, killing the host 
185 
cells by direct hyphal contact and causing localised disintegration of the host probably by 
enzymatic attack. Further microscope studies could confirm whether or not antagonist hyphae 
penetrated the host to form an intracellular hyphal network. 
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CHAPTER 8 
THE EFFECT OF TEMPERATURE ON CONTROL OF SEEDLING BLIGHT OF 
WHEAT BY ANTAGONISTS 
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8.1 INTRODUCTION 
For a biological control agent to be effective, it must be ecologically well adapted to 
the environment into which it is to be introduced. An agent for the control of seedling diseases, 
for example, must be able to colonize seedlings rapidly and naturally in the specific 
environmental conditions that favour the seedling pathogens (Deacon, 1991). There is little 
direct evidence of how specific environmental factors such as soil type, pH and soil moisture, 
may affect the efficacy of biological control agents, but temperature can have a direct effect on 
interactions between plant pathogens and antagonists in the soil (Burpee, 1990). Several 
workers have reported reduced efficacy of biological control by a range of antagonistic fungi, 
particularly Trichoderma species, at soil temperatures less than 20 ° C. In a study to investigate 
the biological control of seed rot and pre-emergence damping-off of chickpea caused by 
Pythium ultimum, Kaiser and Hannan (1984) reported that in most field and glasshouse trials, 
Trichodenna hcrmatum and T. harzianum failed to protect chickpea against the pathogen. The 
authors suggested that the temperature of the soil at the time of seeding may have been too low 
(less than 17°C) for the Trichoderma conidia to germinate and to initiate sufficient mycelial 
growth to protect the seed from attack. Dewan and Sivasithamparam (1988) examined the 
activity of three Trichoderma species in the control of root rot of wheat and rye-grass caused 
by the take-all fungus, Gaeumannomyces graminis. Pot experiments were conducted at 15 0 C, 
a typical soil temperature in wheat fields in Western Australia at the seedling stage of cereals 
and grasses when take-all infection is initiated, and at this temperature T harzianum failed to 
protect wheat and rye-grass from the take-all fungus. The authors noted that this species 
preferred warmer temperatures and also suggested that the isolates of T. hamalzim and 
T. koningii could be capable of providing better protection in the temperature range 20 - 25 ° C. 
Thus, the lack of acceptable antagonism at low soil temperatures would appear to be 
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a major factor limiting the potential success of biological control. Many soil-borne pathogens 
are active at soil temperatures of less than 20 °C and the selection and use of low temperature- 
tolerant antagonist species or isolates has been investigated. Tronsmo and Raa (1977) reported 
that the limited success in the control of Botrytis cinerea on apple using Trichoderma 
pseudokoningii may have been because the T. pseudokoningii isolate was unable to grow at the 
temperatures below 9°C which were experienced at the flowering period when infection is 
initiated. In further work (Tronsmo and Ystaas, 1980), antagonists that were capable of growth 
at lower temperatures were selected and effective control of dry eye rot of apple was achieved. 
The work described in the following chapter investigated, the efficacy of four antagonist 
isolates in controlling Fusarium seedling blight at low temperatures. Cold temperatures are 
especially conducive to disease caused by Microdochium nivale (Colhoun, 1970) and a 
potential biological control agent of seedling blight of winter wheat caused by both Fusarium 
culmorum and Mnivale would need to be active at the soil temperatures experienced 
throughout the period from when the seed is sown to when the plant has outgrown its most 
susceptible juvenile stage. 
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8.2 MATERIALS AND METHODS 
8.2.1 In vitro growth rates of fungal isolates at different temperatures 
150 Petri dishes were prepared each containing 15m1 potato dextrose agar (PDA) and 
the underside of each plate was marked with a central cross. The Petri dishes were divided into 
six lots of 25 plates and individual lots were inoculated centrally with a 5mm diameter PDA 
plug of Fusarizim culmorum, Microdochium nivale, J76, Gliocladium catenaulatarm or with one 
of the two isolates of G. roseum (IMI 040222 or PL1). Plates were sealed with Parafilm and 
incubated at 6 °, 8 °, 10 °, 12 ° and 20'C. Each treatment was replicated five times. The 
diameters of the growing fungal colonies were measured daily. 
8.2.2 Inoculation of seed 
For detailed procedure see Chapter 2. 
160 g winter wheat seed (Triticum aestivum L., cv. Mercia) was surface sterilised in a 1% 
sodium hypochlorite solution. A 20 g sample of seed was removed and placed in a sterile 
universal tube; this sample received no further treatment (Healthy Control). The remainder of 
the seed was divided into two lots of 70 g and each lot was inoculated with a spore suspension 
(method of preparation described in Chapter 2) of either Fusarium culmorum (4 x 103 spores/g) 
or Microdochium iiivale (4 x 10'spores/g). The surface of the seed was allowed to dry and 
each seed lot divided into seven 10 g samples. One sample received no further treatment 
(Inoculated Control). The test seed treatments were applied to the remaining seed samples at 
the rates given in Table 8.1. 
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Table 8.1. Chemical and biological seed treatments applied to winter wheat seed artificially 
infected with Fusarium culmorum or Microdochium nivale. 
Treatment Application Source 
Rate 
Beret 4m1/kg Ciba, Whittlesford, Cambridge. 
J76 (formulated preparation) 4x 10' cfu/g Kemira Biotech, Finland 
J76 (spore suspension) 4x 10; spores/g Kemira Biotech, Finland 
Gliocladium roseum 4x 10' spores/g IMI 040222 
G. catenulatum 4x 10; spores/g IMI 288054 
G. roseum (PL1 isolate) 4x 10; spores/g Isolate from wheat stem base 
The two Gliocladium roseum isolates, G. catenulatum and J76 were applied to the seed as 
spore suspensions. The formulated preparation of J76 was applied in powder form and Beret 
(fenpiclonil/fludioxonil; fs) as a liquid at the recommended application rate. 
A sample of seed from each treatment was plated onto potato dextrose agar, crease 
down, to test the success of the inoculation. 
8.2.3 Sowing of seed 
A 50m1 beaker full of a sandy loam soil-based compost (John Innes Seed and Cuttings 
compost), which had been sieved through a 4mm mesh and then sterilised by autoclaving at 
121 °C for a total of two hours, was placed in a sterile 150ml glass bottle and tamped down. 
Ten wheat seeds were placed, crease down, in each bottle using forceps. 30-40ml compost was 
added to cover the seeds and tamped down. The lid was replaced on each bottle. 
Three replicates of each treatment were placed in a randomised block design in four 
incubators. Incubators were maintained at 6°, 8°, 10° and 12° C on an 8 hour light/ 16 hour 
dark cycle. 
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8.2.4 Disease Assessments 
The number of emerged seedlings was counted daily until emergence ceased. The mean 
rate of seedling emergence (the reciprocal of the mean time to emergence in days) was 
calculated using Equations 8.1 and 8.2 (Khan, Ellis and Roberts, 1986). 
E(D. n)/En (8.1) 
Mean rate of emergence = 1/D (8.2) 
where: 1= mean emergence time in days 
n= number of seedlings which emerged on day D 
These equations only accounted for those seedlings that did emerge. 
A visual assessment of disease symptoms was made when the most advanced seedlings 
at each incubation temperature reached the top of the bottles. Shoot height (mm), coleoptile 
height (mm) and seminal root lengths (mm) were recorded. Disease symptoms were scored 
using three parameters: (i) the degree of stem base browning [no browning = 0, very slight 
browning = 1, slight browning = 2, browning = 3, black =4], (ii) length of lesion [mm], (iii) 
width of lesion [thin streak = 1, moderate lesion width = 2, lesion all round stem =3]. The total 
disease score per seedling was the product of the three parameters. The total disease score for 
each treatment was calculated by adding together the individual seedling scores. 
Isolations of fungal species from stem base segments were made following the method 
described in Chapter 2. 
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8.3 RESULTS 
8.3.1 In vitro growth rates of fungal isolates at different temperatures 
The growth rates of the two pathogen species, Fusarium culmorum and Microdochium 
nivale, were significantly higher than those of the four antagonists when grown on PDA at each 
of the five temperatures tested (Figure 8.1). At each incubation temperature, the growth rates 
of the four antagonist isolates were not significantly different from one another. The growth 
rate of all six isolates was greatest at 20 °C but the rates of growth of F. culmorum and M. nivale 
(i. e. approximately 20mm/day) was very much faster than that of each of the antagonist isolates 
(i. e. approximately 4mm/day). A considerable reduction in the rate of growth of the six fungal 
isolates was seen when the incubation temperature was decreased to 12°C or below (Figure 
8.1). At the lower temperatures, F. culmorum and M. nivale grew considerably faster than the 
antagonist isolates; at 12°, 10° and 8°C pathogen growth rate was approximately nine times 
greater than that of the antagonists and at, 6°C it was approximately 17 times greater. The 
growth rates of the antagonist isolates at incubation temperatures of 12°C or below, were 
extremely low (i. e. less than 1.5mm/day). 
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8.3.2 Effect of temperature on biological control of Fusarium culmorum 
8.3.2.1 Seed Inoculation 
Plating of seed onto agar on the day of sowing indicated that the inoculation process 
had been successful. None of the Inoculated Control seeds germinated on agar and Firsarizim 
culmorzum grew from each seed to cover the plate. 100% seeds germinated in the Beret 
treatment and fungal growth was reduced considerably. In the five biological treatments, 
between 80 and 100% of seeds germinated and pathogen and antagonist colonies developed 
from each seed. On agar, the antagonist species tended to grow in a limited area surrounding 
the seed while F. culmorum grew to spread across the rest of the plate. 
8.3.2.2 Seedling emergence 
The rate of seedling emergence increased with temperature (Figure 8.2) with the mean 
rate at 12 °C being approximately 2.5 times faster than that at 6°C. With each 20C increment 
in temperature there was a relatively constant increase of approximately 26% in the rate of 
seedling emergence i. e. a 28% increase in emergence rate between 6° and 8°C, a 24% increase 
from 8° to 10 °C and a 27% increase from 10 ° to 12 ° C. 
Statistical analysis of the data using ANOVA also showed that seed treatment had a 
significant effect on the rate of emergence but that the interaction between temperature and 
treatment was not significant. In general however, the Healthy Control seedlings were the 
fastest to emerge and the Inoculated Control seedlings tended to be the slowest. The other 
treatments gave varied rates of emergence at each of the different temperatures. For example, 
at 6°C treatment of seed with Beret appeared to slightly delay emergence; at 12°C however, 
seedlings originating from Beret treated seed gave the fastest rate of emergence. 
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Over 80% of seedlings in all treatments emerged (Table 8.2). The number of seedlings 
in each treatment which died before emergence was relatively uniform across all four 
temperatures. The Inoculated Control treatment displayed the highest incidence of pre- 
emergence death, giving a maximum of 17% seedling death at 12 ° C. A relatively high number 
of seedlings did not emerge in the Gliocladium catenulatum treatment with 13% of seedlings 
dying before emergence at 6°C. Pre-emergence death in the other treatments was relatively 
rare. 
Table 8.2. Effect of different seed treatments on the percentage of pre-emergence death of 
Fusarium culmorum-inoculated winter wheat when grown at four different temperatures. Mean 
values of three replicates are recorded. 
Treatment % Pre-emergence seedling death at four different 
temperatures 
6°C 8°C 10°C 12°C 
Healthy Control 0 0 0 0 
Inoculated Control 10 7 10 17 
Beret 0 0 3 0 
J76 (formulated preparation) 0 0 7 3 
J76 (spore suspension) 0 3 3 3 
Gliocladiiim roseum 0 0 0 0 
(IMI 040222) 
G. catenulatum 13 3 0 10 
G. roseum (PLI isolate) 0 3 0 7 
LSD' 2.2 5.3 5.6 6.0 
'Least Significant Difference (LSD) 
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The incidence of post-emergence seedling death appeared to increase slightly with 
temperature (Table 8.3). A mean across all treatments of 0.5% seedlings died at 6°C compared 
with 3.3% post-emergence death at 12°C. More seedlings died after emergence in the 
Inoculated Control treatment than in any other treatment with a maximum of 10% seedling 
death observed at 10 °C. 30% of seedlings in the Gliocladium catenulatum treatment died after 
emergence when grown at 12 ° C; post-emergence death for this treatment at the other three 
temperatures was insignificant. No seedlings in the Healthy Control or Beret treatments died 
post emergence. 
Table 8.3. Effect of different seed treatments on the percentage of post-emergence death of 
Fusarium culmorum-inoculated winter wheat when grown at four different temperatures. Mean 
values of three replicates are recorded. 
Treatment % Post-emergence seedling death at four different 
temperatures 
6°C 8°C 10°C 12°C 
Healthy Control 0000 
Inoculated Control 47 19 13 
Beret 0 0 0 0 
J76 (formulated preparation) 0 7 7 4 
J76 (spore suspension) 3 3 0 3 
Gliocladium roseum 3 7 7 7 
(IMI 040222) 
G. catenulatum 4 0 0 30 
G. roseum (PL1 isolate) 3 0 7 7 
LSD' 6.6 6.3 10.0 10.1 
Least Significant Difference (LSD) 
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8.3.2.3 Development of seedling disease symptoms 
The stem base browning symptoms expressed by the Fusarium culmorum Inoculated 
Control treatment appeared to increase with temperature; the disease score calculated for the 
Inoculated Control at 12°C (26.9) was approximately twice that recorded at 6°C (12.5). At 
6 °, 10 ° and 12"C all seed treatments gave a significant decrease in disease severity when 
compared with the respective Inoculated Control treatment (Figures 8.3,8.5,8.6). At 8'C only 
the Healthy Control and Beret treatments significantly reduced disease symptoms (Figure 8.4). 
Statistical analysis of the disease score data using ANOVA showed that, whereas 
treatment had a significant effect on disease expression, temperature did not. However, some 
differences in the ability of each seed treatment to control stem base browning symptoms at 
different temperatures were recorded when the percentage reduction in disease severity of each 
treatment relative to the respective Inoculated Control treatment was calculated (Figure 8.7). 
Seedlings from the Healthy Control and Beret treatments displayed little or no disease 
symptoms at any of the four temperatures. Of the biological treatments the spore suspension 
application of J76 was the most effective and it reduced disease severity by a relatively uniform 
amount at all four temperatures, giving a 74% reduction in disease symptoms at 6°C and an 
88% decrease at 12°C. The formulated application of J76 was also quite effective at each 
temperature, reducing disease severity by 65% at 6°C and by 72% at 12 °C. The Gliocladium 
catenulatum and G. roseum (PL1 isolate) treatments appeared to be more effective in the 
control of stem base browning symptoms at 12°C than at 6°C; G. catemilatum and G. roseum 
(PL1) gave 27% and 33% reductions in disease severity respectively at 6°C, but this rose to 
reductions of 72% and 69% respectively at 12°C. Control of disease by the spore suspension 
of G. roseum (III 040222) at different temperatures was erratic: the treatment gave reasonable 
control at 6°C and 12°C but at 8°C disease symptoms more severe than the Inoculated Control 
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treatment were observed. At 8°C, however, there was much variation in the disease scores of 
all the different treatments (Figure 8.4): this variation was due to a fault in the 8°C incubator 
which caused the temperature to fluctuate around the set point. 
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Figure 8.3. Effect of seed treatments on the severity of disease caused by Fusarium culmorum in 
winter wheat seedlings grown in an incubator at 6°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IMI 
040222), GC=G. catenulatum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 3.55 (p=0.05). 
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Figure 8.4. Effect of seed treatments on the severity of disease caused by Fusarium culmorum in 
winter wheat seedlings grown in an incubator at 8°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IMI 
040222), GC=G. catenulatum, PL 1=G. roseum (PL 1 isolate). 
Least significant difference (LSD) = 13.84 (p=0.05). 
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Figure 8.5. Effect of seed treatments on the severity of disease caused by Fusarium culmorum in 
winter wheat seedlings grown in an incubator at 10°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IMI 
040222), GC=G. catenulatum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 5.30 (p=0.05). 
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Figure 8.6. Effect of seed treatments on the severity of disease caused by Fusarium culmorum in 
winter wheat seedlings in an incubator at 12°C. 
HC=Healthy Control, IC=Inoculated Control, J76F=formulated preparation of Finnish fungal isolate, 
J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IMI 040222), 
GC=G. catenulatum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 10.07 (p=0.05). 
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8.3.2.4 Isolation of fungal species from seedlings 
Isolation of Fusariaim culmorum from seedling stem bases varied with treatment and 
temperature (Table 8.4). At all four temperatures F. culmorum was recovered from 
approximately 100% of the Inoculated Control treatment seedlings, when stem bases were 
plated onto agar. Percentage recovery of F. culmorum from seedlings in the Beret treatment 
was low (below 20%) at each temperature. F. culmorum was isolated from a relatively high 
proportion of seedlings originating from the biological control treatments but the percentage 
recovery tended to decrease as temperature increased; at 6°C in the J76 spore suspension 
treatment for example, F. culmorum was isolated from 73% of stem bases but this fell to 14% 
at 12°C. 
Table 8.4. The percentage of coleoptile bases from which Fusarium culmorum was recovered 
when seedlings were sampled at the end of the trial. Mean values of three replicates are 
recorded. 
Treatment %Isolation of Fusarium culmorum from stem bases 
of seedlings grown at four different temperatures 
6°C 8°C 10°C 12°C 
Healthy Control 3000 
Inoculated Control 100 93 100 92 
Beret 13 10 17 3 
J76 (formulated preparation) 73 67 53 21 
J76 (spore suspension) 73 48 28 14 
Gliocladium roseum 87 90 83 33 
(INII 040222) 
G. catenulatum 84 72 80 64 
G. rosezrm (PL1 isolate) 83 80 87 54 
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The antagonist species, in general were recovered from a lower proportion of stem 
bases when plated onto agar than was the pathogen (Table 8.5). Percentage recovery of most 
of the fungal antagonists tended to increase with temperature and recovery was at a maximum 
at 10°C. 
Table 8.5. The percentage of coleoptile bases from which antagonist species were recovered 
when seedlings were sampled at the end of the trial. Mean values of three replicates are 
recorded. 
Treatment % Isolation of antagonist species from stem bases 
of seedlings grown at four different temperatures 
6°C 8°C 10°C 12°C 
Healthy Control - - - - 
Inoculated Control - - - - 
Beret - - - - 
J76 (formulated preparation) 20 60 31 14 
J76 (spore suspension) 7 13 28 20 
Gliocladium roseum 0 30 60 17 
(IMI 040222) 
G. catenulatum 11 25 43 23 
G. roseum (PL1 isolate) 13 59 63 27 
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8.3.3 Effect of temperature on biological control of Microdochium nivale 
8.3.3.1 Seed inoculation 
Plating of seed onto agar on the day of sowing indicated that the inoculation process 
had been successful. Microdochium nivale developed from 100% of seeds from the Inoculated 
Control treatment and the fungus grew to cover the agar plate. Treatment of the seed with 
Beret considerably reduced growth of the pathogen and when seed treated with the biological 
preparations was plated onto agar, the antagonist was the dominant species; M. nivale did 
develop in most cases but was excluded from the area directly surrounding the seed. In each 
treatment 100% of seeds germinated on agar. 
8.3.3.2 Seedling emergence 
The rate of seedling emergence increased with temperature (Figure 8.8) with the mean 
rate at 12°C being 2.2 times faster than that at 6°C. The increase in rate of emergence with 
each 2°C increment in temperature was lower between 6° and 8°C (15%) than that observed 
between 8° and 10 °C (26%) and between 10 ° and 12°C (27%). 
Statistical analysis of the data using ANOVA showed that seed treatment as well as 
temperature had a significant effect on the rate of emergence but that the interaction between 
the two factors was not significant. Mnivale-treated seed emerged at a slightly slower rate than 
that seen for the Fzisarium culmorum infected seed and in contrast to the results observed for 
F. culmorarm infected seed, seedlings in the Healthy Control treatment were the slowest to 
emerge. 
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Little pre-emergence death was observed in theMnivale treatments at any temperature 
and more than half of the treatments displayed 100% seedling emergence (Table 8.6). The 
variation observed between treatments (LSD), therefore, was high. The Inoculated Control 
treatment displayed the highest incidence of pre-emergence death giving a maximum of 13% 
seedling death at 6°C. In general, the number of seedlings which died before emergence tended 
to decrease as the temperature increased. 
Table 8.6. Effect of different seed treatments on the percentage of pre-emergence death of 
Microdochium nivale-inoculated winter wheat when grown at four different temperatures. 
Mean values of three replicates are recorded. 
Treatment % Pre-emergence seedling death at four different 
temperatures 
6°C 8°C 10°C 12°C 
Healthy Control 0 0 3 0 
Inoculated Control 13 7 3 0 
Beret 0 3 7 0 
J76 (formulated preparation) 3 3 0 7 
J76 (spore suspension) 7 10 0 0 
Gliocladizim roseum 0 0 0 0 
(IMI 040222) 
G. catenulatum 3 3 0 0 
G. roseum (PL1 isolate) 0 0 7 0 
LSD' 12 12 5 1 
Least Significant Difference (LSD) 
Post-emergence death in the Mnivale treatments was extremely rare and was only 
noted in two cases (Table 8.7). 
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Table 8.7. Effect of different seed treatments on the percentage of post-emergence death of 
Microdochium nivale-inoculated winter wheat when grown at four different temperatures. 
Mean values of three replicates are recorded. 
Treatment % Post-emergence seedling death at four different 
temperatures 
6°C 8°C 10°C 12°C 
Healthy Control 0 0 0 0 
Inoculated Control 3 0 0 0 
Beret 0 0 0 0 
J76 (formulated preparation) 0 0 0 0 
J76 (spore suspension) 0 0 0 0 
Gliocladium roseum 0 0 0 0 
(IMI 040222) 
G. catenulatum 0 7 0 0 
G. roseum (PLI isolate) 0 0 0 0 
LSD' 1 3 0 0 
'Least Significant Difference (LSD) 
8.3.3.3 Development of seedling disease symptoms 
The effect of seed treatments on severity of seedling disease is shown in Figures 8.9, 
8.10,8.11 and 8.12. Statistical analysis of the data using ANOVA showed that temperature and 
seed treatment had significant effects on disease expression but that the interaction between the 
two factors was not significant. 
The Inoculated Control treatment displayed the most severe stem base browning 
symptoms at each of the four temperatures. The highest disease score for the Inoculated 
Control treatment was recorded when seedlings were grown at 8"C and from this point, the 
severity of disease decreased as the temperature increased; the disease score calculated for the 
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Inoculated Control at 8°C (24.0) was approximately five times that recorded at 12'C (4.9). 
When all eight treatments were considered, however, stem base browning symptoms were most 
severe when seedlings were grown at 6°C. At this temperature only the Healthy Control and 
Beret treatments gave a significant decrease in disease severity when compared with the 
Inoculated Control (Figure 8.9). 
The Healthy Control and Beret treatments displayed little or no disease symptoms at 
any of the four temperatures. The five biological seed treatments were significantly less 
effective in reducing disease severity when seedlings were grown at 6°C than when they were 
grown at 8°, 10° and 12°C (Figure 8.13). The two preparations of J76 and the Gliocladium 
catenulatum treatment did reduce disease symptoms by approximately 60% at 6°C, but the 
efficacy of the two G. roseum isolates at this temperature was very considerably reduced. The 
G. roseum (PL1 isolate) only gave a 10% reduction in disease at 6°C compared with the 91% 
reduction displayed by the same treatment at 10°C. The spore suspension application of J76 
was the most effective of the biological treatments in the control of stem base symptoms caused 
byMnivale. A reduction in disease of over 90% was displayed when seedlings were grown at 
8°, 10° and 12°C. The formulated preparation of J76 gave a reduction of approximately 85% 
at 8 °, 10 ° and 12'C and G. catenulatum displayed reductions of between 72 and 98% at the 
same temperatures. The two isolates of G. roseum were the least effective treatments in 
reducing disease symptoms: the G. roseum (PL1) isolate gave between 70 and 90% control at 
8°, 10° and 12°C while the G. roseum (IMI 040222) isolate only caused a reduction in disease 
severity of over 70% when seedlings were grown at 10 ° or 12T. 
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Figure 8.9. Effect of seed treatments on severity of disease caused by Microdochium nivale in winter 
wheat seedlings grown in an incubator at 6°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IM ! 
040222), GC=G. catenulatum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 12.4 (p=0.05). 
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Figure 8.10. Effect of seed treatments on disease severity caused by Microdochium nivale in winter 
wheat seedlings grown in an incubator at 8°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (INII 
040222), GC=G. catenulatum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 12.9 (p=0.05). 
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Figure 8.11. Effect of seed treatments on severity of disease caused by Microdochium nivale in 
winter wheat seedlings grown in an incubator at 10°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IMI 
040222), GC=G. catenu! atum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 6.1 (p=0.05). 
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Figure 8.12. Effect of seed treatments on severity of disease caused by Microdochium nivale in 
winter wheat seedlings grown in an incubator at 12°C. 
HC=Healthy Control, IC=Inoculated Control, B=Beret, J76F=formulated preparation of Finnish 
fungal isolate, J76S=spore suspension of Finnish fungal isolate, GR=Gliocladium roseum (IML 
040222), GC=G. catenulatum, PL1=G. roseum (PL1 isolate). 
Least significant difference (LSD) = 2.26 (p29 5). 
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8.3.3.4 Isolation of fungal species from seedlings 
Isolation of Microdochizrm nivale from seedling stem bases varied with treatment and 
temperature (Table 8.8). M. nivale was recovered from approximately 55% of Inoculated 
Control treatment seedlings grown at 6°, 8° and 10°C, but when grown at 12°C, the 
proportion of stem bases from which the pathogen was isolated rose to nearly 80%. Mnivale 
was not recovered from any of the Healthy Control seedlings and percentage recovery of the 
pathogen from the seedlings in the Beret treatment was very rare. Of the biological seed 
treatments, M. nivale was recovered least frequently from seedlings from the two J76 treatments 
and the percentage recovery of the pathogen in these two treatments tended to decrease as the 
growing temperature increased (Table 8.8). M. nivale was isolated from a relatively high 
proportion of seedlings in the Gliocladium catenulatum and the two G. roseum treatments and 
the percentage recovery of pathogen showed a slight increase with temperature; at 6°C, for 
example, M. nivale was isolated from 27% of seedlings in the G. catenulatum treatment but this 
figure rose to 70% at 12°C. Brown lesions on leaves were observed in the Inoculated Control 
and G. roseum (IMI 040222) treatments and Mnivale grew from them when plated onto agar. 
In general, the antagonist species were recovered from a lower proportion of stem bases 
when plated onto agar than was the pathogen (Table 8.9). None of the fungal antagonists were 
recovered from seedlings which were grown at 6°C. The percentage recovery of antagonist 
species increased with temperature and recovery was at a maximum when seedlings were 
grown at 12°C. 
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Table 8.8. The percentage of coleoptile bases from which Microdochium nivale was recovered 
when seedlings were sampled at the end of the trial. Mean values of three replicates are 
recorded. 
Treatment %Isolation of Microdochium nivale from stem bases 
of seedlings grown at four different temperatures 
6°C 8°C 10°C 12°C 
Healthy Control 0 0 0 0 
Inoculated Control 52 59 56 77 
Beret 0 0 0 10 
J76 (formulated preparation) 24 14 19 7 
J76 (spore suspension) 44 17 3 7 
Gliocladium roseum 55 37 43 80 
(IMI 040222) 
G. catenulatum 27 27 51 70 
G. roseum (PL1 isolate) 10 50 33 63 
Table 8.9. The percentage of coleoptile bases from which antagonist species were recovered 
when seedlings were sampled at the end of the trial. Mean values of three replicates are 
recorded. 
Treatment % Isolation of antagonist species from stem bases 
of seedlings grown at four different temperatures 
6°C 8°C 10°C 12°C 
Healthy Control ---- 
Inoculated Control ---- 
Beret - - - - 
J76 (formulated preparation) 0 4 7 32 
J76 (spore suspension) 0 7 10 3 
Gliocladium roseum 0 17 20 47 
(IMI 040222) 
G. caternilatum 0 20 7 53 
G. roseum (PLI isolate) 0 17 43 57 
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8.4 DISCUSSION 
In previous chapters, the inhibitory activity of antagonist organisms against the 
pathogen species Fusarium culmorum and Microdochium nivale has been demonstrated in both 
in vitro and in vivo experiments. In these experiments, inhibition of pathogen growth was 
investigated at temperatures in the range 15°-20°C. The work described in this chapter, 
however, was designed to examine the efficacy of antagonist isolates in reducing Fusarium 
seedling disease at temperatures more akin to those that would be experienced in the field in 
temperate climates. In the UK, soil temperatures at or shortly after the time of drilling winter 
wheat seed may fall below 0°C and therefore for any control agent, chemical or biological, to 
be effective against seedling diseases it must be able to survive at such low temperatures. 
The system used for growing the winter wheat seedlings in this experiment was very 
effective. Planting seeds in the glass bottles was a relatively quick and simple procedure and the 
bottles provided a very controlled environment in which the effects of the interactions between 
pathogen and antagonist on the seed could be monitored. After sowing the wheat seed, the 
bottle lids were sealed and not removed until the end of the experiment: sufficient moisture was 
maintained in the bottles for the duration of the experiment without watering and the number 
of seedlings emerged and the development of disease could be monitored readily through the 
glass of the bottles. 
The temperature at which the seedlings were grown had a clear effect on the severity 
of disease caused by each pathogen species. The Fusarium culmorzim-Inoculated Control 
treatment displayed the greatest disease symptoms when seedlings were grown at 12°C; there 
was an increased incidence of pre-emergence and post-emergence death and a high score for 
disease severity was recorded. Symptoms of seedling blight were least severe at 6°C. The 
increase in disease caused byF. culmorum with increasing temperature was reported by workers 
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in the 1960s. Colhoun and Park (1964) examined the development of disease caused by 
F. czilmorum at 12 °, 16 ° and 23 °C in the glasshouse. The lowest temperature (12 ° C) was 
always associated with the lowest disease severity, irrespective of soil moisture content. In a 
similar experiment, Colhoun, Taylor and Tomlinson (1968) showed that with seed inoculated 
with los F. culmorum spores/25g seed, and in dry soil (36% moisture), the incidence of pre- 
emergence and post-emergence death and disease symptoms was greatest when seedlings were 
grown at the highest of the three temperatures tested (23 O C). 
A different set of conditions were shown to be conducive to disease caused by 
Microdochium nivale. Disease was only very slight when seedlings were grown at 12°C, 
whereas a relatively severe degree of disease was observed at the two lowest temperatures 
tested: at 6°C the number of seedlings which died pre- and post-emergence was comparatively 
high and at 8°C, the disease score reached a maximum. Low temperatures have been shown 
to be conducive to a number of seed and soil borne fungal pathogens; Paulitz and Baker (1987), 
for example, reported increased damping-off of cucumbers by Pythium ultimum at low 
temperatures. The rate of seedling emergence at 6°C and 8°C was considerably slower than 
that observed at 10 ° and 12°C, and thus seedlings grown at 6° and 8°C were exposed for a 
longer period to the pathogen while they were still susceptible to attack, Colhoun (1970) 
reported that with 5x 103 M. nivale spores/seed, in dry soil in the glasshouse, the most severe 
seedling disease was observed at 6.1 °C ( the lowest temperature employed). As the growing 
temperature increased to a mean value of 16.4°C, the degree of seedling disease decreased. 
Given the amount of Fusarium culmorum or Microdochium nivale inoculum applied 
to seed, the number of seedlings which died pre- and post-emergence was relatively low. The 
F. culmorum Inoculated Control treatment displayed a maximum of 17% pre- and 19% post- 
emergence death, while in the equivalent Midvale treatment a maximum of 13% of seedlings 
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died before emergence and only 3% after. The severity of seedling disease caused by both 
pathogens is affected by soil moisture as well as soil temperature and both F. culmorum and 
Mnivale are favoured by dry conditions (Colhoun and Park, 1964; Colhoun, 1970). The soil 
moisture of the compost used in the present work was not determined but it was thought to be 
fairly low: no water was added to the compost other than the moisture it acquired during the 
sterilisation process. Although the frequency of pre- and post-emergence death was lower than 
expected, the isolates used did cause relatively severe degrees of stem base browning at the 
temperatures which were optimal for disease development and results of isolations of pathogen 
species from stem base segments indicated that the isolates had survived and infected plant 
material. F. culmorum was recovered from almost all Inoculated Control treatment seedlings 
at each of the four temperatures. The isolation results from the Mnivale-Inoculated Control 
treatment indicated that some symptomless infection was occurring at the highest growing 
temperature. M. nivale was recovered from approximately 55% of seedlings grown at 6° and 
8°C, temperatures at which disease symptoms were most severe, but at 12°C, where only very 
slight symptoms were expressed, Mnivale was reisolated from 77% of seedlings. 
There is little published work in the literature which examines the efficacy of antagonist 
isolates in the control of cereal diseases at low temperatures. Chang and Kommedahl (1968) 
reported good control of seedling blight of corn caused by Fusarium graminearum in 
glasshouse, controlled environment chambers and in the field, when seeds were coated with 
either Bacillus subtilis or Chaetomirim globosum and grown at 18 °- 20 ° C. When seeds coated 
with Cglobosum or fungicide were planted in field soil at 10°C or lower however, no benefit 
from either fungicide or biological control agent was found. This result confirmed findings from 
an in vitro experiment in which very poor growth on agar at 10°C of both pathogen and 
antagonist was observed. Field experiments carried out in Denmark (Knudsen et al., 1995) 
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showed good control of seedling blight caused by Fusarium culmorum by the fungal 
antagonists Gliocladium roseum and the Finnish fungal isolate, J76 on winter wheat at an 
average soil temperature of 13.1 0C and on spring barley at 8.9 ° C. 
The chemical seed treatment, Beret, was very effective against both Fusarizim 
culmorum and Microdochium nivale at 6 °, 8 °, 10 ° and 12 ° C; almost complete control of 
seedling blight symptoms was observed at each temperature. In field trials Beret was shown to 
give long-lasting control of seed-borne F. culmorum and M. nivale and high increases in plant 
stand in autumn (Koch and Leadbeater, 1992). Hare et al. (1995) reported that efficacy of 
guazatine against a natural seed infection of Midvale was not affected by slower seedling 
growth at low temperature (6°C). The antagonist isolates were less effective and less consistent 
in the control of Fusarium seedling blight than Beret and their efficacy was affected by the soil 
temperature. Antagonist isolates appeared to be more effective against M. nivale than against 
F. culmorum. All biological treatments gave at least an 80% reduction in disease caused by 
Mnivale at one or more of the four temperatures, whereas only the spore suspension of J76 
gave an equivalent reduction in disease caused by F. culmorum. 
The spore suspension application of J76 was the most effective and consistent biological 
treatment in the control of both pathogen species and the disease scores recorded for this 
treatment were not significantly different from those of the Beret treatment. The J76 spore 
suspension controlled disease symptoms caused by F. culmorum by at least 73% at 6,8,10 and 
12"C, and against Mnivale reductions in disease severity of at least 90% were displayed at 
temperatures of 8'C and above. The formulated preparation of J76 was slightly less effective 
than the spore suspension of the same fungus giving approximately 60% and 80% control of 
F. culmorum and M., Jivale respectively, but the reductions in disease across the four different 
temperatures were relatively constant. Inhibition of seedling blight by Gliocladium catenulatum 
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and the two isolates of G. roseum was less consistent and the activity of the antagonist isolates 
appeared to be more affected by the soil temperature. G. catenulatum provided good control 
of M nivale at all temperatures, reducing disease severity by approximately 90% at 8°C and 
above, but control of F. culmorz, m was not so effective: a maximum of 75% control was 
observed when seedlings were grown at 12°C, however, at 6°C, disease was reduced by just 
30%. G. roseum (PL1 isolate) gave very similar results. G. roseum (IMI 040222) appeared to 
be the least effective of the five biological seed treatments. In the F, culmorum experiment 
disease pressure was greatest when seedlings were grown at 12°C and all biological treatments, 
except G. roseum (1M1040222) gave relatively good control showing at least a 70% reduction 
in disease severity; G. roseum (J II 040222) controlled disease symptoms by less than 50%. The 
same isolate of G. roseum was also the least effective antagonist against Midvale at 8 °C when 
disease pressure due to Mnivale was at a maximum. 
In general, the inhibitory activity of the antagonist isolates tended to become more 
effective as the soil temperature increased. Against M. nivale for example, Gliocladium roseum 
(IMI 040222) gave approximately a 30% reduction in disease severity at 6°C, a 50% reduction 
at 8'C, a 75% reduction at 10 °C and when seedlings were grown at 12 °C the G. roseum isolate 
reduced disease severity by 90%. In the experiment which examined efficacy against Mnivale, 
the antagonists appeared to be considerably less effective at 6°C than at temperatures of 8°C 
and above. Control ofM. nivale by all biological treatments was relatively poor when seedlings 
were grown at 6°C. In all cases the percentage reduction in disease severity was less than 60% 
and the two isolates of G. roseum appeared particularly ineffective against M. nivale at this low 
temperature, with the PL1 isolate giving only a 10% reduction in disease. When the growing 
temperature was raised to 8°C, however, although there was an increase in disease symptoms 
displayed in the Inoculated Control treatment, all the biological seed treatments, except 
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G. roseum (IM! 040222), gave a significant increase in disease control, with reductions in 
disease severity of over 70%. At 10° and 12°C, each antagonist, including G. roseum (IMI 
040222), gave at least 70% control of seedling blight symptoms. The percentage of stem bases 
from which antagonist species were isolated also tended to increase with temperature. No 
antagonist isolates were recovered from coleoptiles of seedlings that had been grown at 6°C 
but they were recovered from seedlings grown at 8°C and above. In all treatments except the 
J76 spore suspension, percentage recoveries of antagonist species were greatest at 12°C when 
control of disease shown by each antagonist was at or close to its maximum. It would appear, 
therefore, that at temperatures below 8 °C, growth and inhibitory activity of the antagonist 
isolates against M nivale was severely restricted. At 6°C, J76 and Gliocladium catemrlatum 
did reduce disease severity by between 50 and 60% but at 8°C, when the disease pressure was 
increased, all treatments but one were significantly more effective in the control of disease and 
three of the five treatments gave nearly a 90% reduction in disease symptoms. 
Control of F. culmorum at 6°C by the antagonists appeared to be more effective than 
control of M. nivale at 6°C, but comparatively little disease developed at this temperature. The 
reduction in disease caused by F. culmorum recorded by Gliocladiu m roseum (III 040222) at 
6°C was unexpectedly high (nearly 70%) and the result was considered to be anomalous given 
that the antagonist was not recovered from any of the seedlings which were grown at 6°C, and 
at 8°C no reduction in disease symptoms was observed. Antagonist isolates were recovered in 
all but one case from stem bases of seedlings grown at each of the four different temperatures. 
Antagonists were isolated most frequently from seedlings grown at 8° or 10°C and a slight 
decrease in the percentage recovery of each antagonist was recorded in plants grown at 12°C; 
this may have been due to the increased disease pressure at this temperature. 
The growth rates of the antagonist isolates in vitro at 6°, 8°, 10° and 12°C were shown 
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to be very slow: 0.24 mm/day at 6°C rising to only 1.33 mm/day at 12°C. The pathogen 
growth rates were comparatively faster (approximately 4.68 mm/day at 6°C and 6.57 mm/day 
at 12 ° C) suggesting that at low soil temperatures Fusarium culmorum and Microdochium 
nivale would have a competitive advantage over the antagonists to grow and use up available 
nutrients and space. In vivo, however, more disease suppression was recorded than might have 
been expected given the very slow in vitro growth rates of the antagonist isolates. Even at the 
lowest temperature tested, 6°C, and where antagonist isolates were recovered from a negligible 
number of seedling stem bases, three of the five biological treatments controlled disease caused 
byF. culmonum by more than 60% and two treatments reduced disease caused byM. nivale by 
the same amount. The results of the experiment would indicate that the inhibitive properties of 
the majority of the antagonists were still active at temperatures at which growth of the 
organism was at a minimum. Lewis and Papavizas (1985) found no correlation between 
population densities of Trichoderma or Gliocladium in the soil and the survival of the pathogen 
Rhizoctonia solani or the incidence of damping-off of cotton, sugar beet or radish. They 
concluded that "the specific activities of the antagonist that occur during its growth are 
probably more important in pathogen suppression than in the population proliferation of the 
antagonist. " Thus as long as some growth of antagonist occurs it may exhibit inhibitory activity 
towards the pathogen. 
The results presented in Chapter 8 indicated that activity of antagonist isolates under 
a range of soil temperatures was an important factor to consider in the selection of an effective 
biological seed treatment for the control of Fusarium seedling blight of winter wheat. The 
efficacy of biological treatments in the control of Fusarium culmorum was disappointing. Only 
the spore suspension application of J76 gave a reasonable degree of control of seedling disease 
symptoms, approaching that displayed by the chemical treatment, Beret, (i. e. a 75% or more 
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reduction in disease severity) at all four temperatures. Of the remaining treatments, 
Gliocladium catemilatum, G. roseum (PL 1) and the formulated preparation of J76 gave 70% 
control of symptoms only at a soil temperature of 12°C. All biological treatments were 
considerably more effective in the control of Microdochium nivale infection. Three of the five 
treatments, G. catenulatarm and the two applications of J76 gave a reduction in disease severity 
of over 70% at temperatures of 8°C and above and the control of disease displayed by these 
treatments was not significantly different from that exhibited by the Beret seed treatment. At 
a soil temperature of 6°C, however, the efficacy of the biological treatments decreased. This 
experiment investigated the activity of antagonist at the low temperatures which would be 
prevalent in the field during the development of the seedling stage of winter wheat and which 
are conducive to the Fusarium seedling blight pathogens, particularly M. nivale. Further work 
could investigate the effect of soil moisture on the activity of potential antagonists of 
F. culmorum and M. nivale. 
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CHAPTER 9 
THE EFFICACY OF SELECTED ANTAGONIST ISOLATES IN THE CONTROL 
OF FUSARIUM SEEDLING BLIGHT OF WHEAT UNDER SEMI-CONTROLLED 
ENVIRONMENTAL CONDITIONS AND THEIR EFFECT ON THE 
DEVELOPMENT OF FUSARIUM FOOT ROT AND GRAIN YIELD 
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pathogens and when introduced into the field, such organisms may not be able to survive or 
proliferate, let alone be effective in the control of the pathogen. A more profitable approach 
could be to select resident antagonists which are adapted to the particular environment. Garrett 
(1956), however, suggested that even resident organisms might have little chance of success 
"because the inoculant organisms had been isolated in the first place from soils in which it was 
desired to establish them at a higher population level. Such attempts to boost the population 
of an antagonistic organism by inoculation alone have been doomed to failure from their 
inception because they are in flagrant contradiction to the ecological axiom that the population 
is a reflection of the habitat. " Hence, later, Garrett (1965) argued that "the balance of the flora 
and fauna can be upset only temporarily by augmenting artificially the population of a species 
already present. " 
The development of an appropriate and effective delivery system may be a major factor 
contributing to the success or failure of a biological control agent in the field. During a four 
year field study, Lewis and Papavizas (1991) examined the efficacy of three preparations of 
Trichoderma species and Gliocladium virens in preventing the damping-off of cotton by 
Rhizoctonia solani. It was shown that a bran/germling preparation (actively growing hyphae 
on bran) of antagonist fungus consistently prevented disease, reduced saprophytic activity of 
pathogen and stimulated proliferation of populations of the biocontrol fungus. A powder 
(Pyrax/biomass) preparation and alginate pellets containing milled fermenter biomass of fungi, 
however, were much less effective in controlling disease and less consistent. 
Tveit and Wood (1955) noted that seed-borne pathogens would be relatively amenable 
to control by biological agents because the pathogen was confined to a small and known area 
of plant tissue, and glasshouse trials have repeatedly demonstrated the success of seed-applied 
inocula on the control of seedling diseases. Deacon (1994) reported that the control of seedling 
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diseases required only a short-term activity of the biological control agent. Deacon (1994) also 
noted that seed-derived nutrients often promoted the activities of biological control agents 
giving a high localized population of the control agent which could be sufficient to overcome 
ecological constraints, even under field conditions. 
The main aim of the work described in Chapter 9 was to examine the efficacy of 
selected biological control agents, applied as seed treatments, in the control of Fusarium 
seedling blight of winter wheat under semi-field conditions. Disease caused by the two 
pathogens, Fusarium culmorum and Microdochium nivale was monitored throughout the 
season to investigate whether early-season control of seedling blight by the biological control 
agents was carried through to control of Fusarium foot rot. Winter wheat was grown in 
compost in large plastic containers placed outdoors. This system provided semi-natural 
conditions, more realistic than those of previous controlled environment screens, in which the 
field potential of selected biological control agents against F. culmorum and M. nivale could be 
assessed. Growth of the wheat in compost filled seed trays excluded the eyespot pathogen, 
Pseudocercosporella herpotrichoides, the presence of which could have had an effect on the 
incidence of F. culmorum and M. nivale. 
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9.2 MATERIALS AND METHODS 
9.2.1 Inoculation of seed 
For detailed procedure see Chapter 2. 
1.2 kg winter wheat seed (Triticum aestivum L., cv. Mercia) was surface sterilised in a 1% 
sodium hypochlorite solution. A 120g sample of seed was removed and placed in a sterile 
conical flask; this sample received no further treatment (Healthy Control). The remainder of 
the seed was divided into two lots of 0.54 kg and each lot was inoculated with a spore 
suspension (method of preparation described in Chapter 2) of either Fusarium culmorum (4 
x 103 spores/g) or Microdochium nivale (4 x 16 spores/g). The surface of the seed was 
allowed to dry and each seed lot divided into nine 60 g samples. One sample received no 
further treatment (Inoculated Control). The test seed treatments were applied to the remaining 
seed samples at the rates given in Table 9.1. 
Table 9.1. Chemical and biological seed treatments applied to winter wheat seed artificially 
infected with Fusarium culmorum or Microdochium nivale. 
Treatment Application Rate Source 
Baytan 2ml/kg Bayer 
Beret 4ml/kg Ciba 
Mycostop (K61) 2g/kg Kemira Biotech, Finland 
J76 (formulated preparation) 4x 104 cfu/g Kemira Biotech, Finland 
J76 (spore suspension) 4x 10; spores/g Kemira Biotech, Finland 
Gliocladium roseum 4x 104 spores/g IMI 040222 
G. catenulatum 4x 10' spores/g IMI 288054 
G. roseum (PLI isolate) 4x 10; spores/ml Isolate from wheat stem base 
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The two Gliocladium roseum isolates, G. catenulatum and J76 were applied to the seed as 
spore suspensions. "Mycostop" (K61) and the formulated preparation of J76 were applied in 
powder form and Baytan (fs) and Beret (fs) as liquids at the recommended application rates. 
A sample of seed from each treatment was plated onto potato dextrose agar (PDA), 
crease down, to test the success of the inoculation. 
9.2.2 Sowing of seed 
Winter wheat seed (Triticum aestirum Mercia) was sown on the 8th and 9th November 
1994.2 litre (400 x600 x120mm) plastic trays (Alison Handlings, Preston, UK) were lined with 
a microperforated fleece (Vitax Gro-Cover) and filled with SHL Professional potting compost 
(Sinclair Horticultural and Leisure p1c, Lincoln, UK). Seed was sown by hand at a rate of 104 
seeds/tray using a cardboard template and covered with a layer of compost. Each treatment was 
replicated eight times. The 160 treatment trays were sown on the day of seed inoculation. 114 
trays were planted with Rappor-treated Mercia (PBI, Cambridge, UK) and these acted as guard 
trays between blocks. 
The mean soil temperature at a depth of 10cm at Harper Adams Agricultural College 
in the month of November 1994 was 8.2 ° C. 
9.2.3 Site specification and fertiliser/pesticide applications 
Seed trays were laid out in a randomised block design in a fenced, gravel-based area 
with overhead netting. The eight replicate blocks were separated from one another by rows of 
guard trays. The trial was covered with a plastic mulch until seedling emergence. 
Irrigation was provided to each tray by a drop system directly into the compost and 
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water was supplied throughout the season as it was required. Three applications of fertiliser 
were made (13/3/95,3/4/95,24/4/95) to give a total of 220 kg N/ha (Nitrapril) and 60 kg 
P04/ha plus 60 kg K/ha (0: 20: 20). Growth regulator was applied on 21/3/95 [New S. C. 
Cycocel (1.751/ha, BASF)] and on the same date the trial was also sprayed with Corbel (11/ha, 
BASF) to control powdery mildew. 
9.2.4 Disease assessments 
The number of seedlings emerged for each treatment in six replicate blocks was 
recorded on three occasions (23.11.94,1.12.94,7.12.94). Visual disease symptoms and 
isolations of pathogen/antagonist species from stem bases were made on four sample dates 
during the growing season when plants had reached Zadok's growth stages 12,31,59 and 75. 
On each of these dates ten plants were removed from four replicate blocks and examined in the 
laboratory. Disease was scored using three parameters: (i) the degree of stem base browning 
[no browning = 0, very slight browning = 1, slight browning = 2, browning = 3, black = 4], (ii) 
length of lesion [mm], (iii) width of lesion [thin streak = 1, moderate lesion width = 2, lesion 
all around stem base = 3]. The total disease score for each plant was calculated as the product 
of the three parameters. Disease score data was analysed by Analysis of Variance using Genstat 
5 Release 3.1. (Lawes Agricultural Trust, Rothamsted Experimental Station, 1993). Isolations 
of fungal species from stem base segments were made following the method described in 
Chapter 2. 
9.2.5 Yield assessment 
The wheat from the eight replicate blocks was harvested on August 2nd 1995. Ears 
were cut from stems and the number of ears from each treatment tray recorded. Ears were 
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threshed using a single ear thresher (Hege 16, Hans-Ulrich Hege GmbH & Co., D-74638 
Waldenburg, Germany) and the grain cleaned by passing through a grain cleaner (A/S rationale 
Kornservice sample cleaner). Grain samples were dried at 80°C for 24 hours prior to recording 
the dry weights. Thousand grain weights were determined for grain samples from each 
treatment. Grain samples were split using a Pneumac Sample Splitter (Hadleigh, Suffolk, UK) 
to obtain a 40g sub-sample. The number of whole grain in each sub-sample was counted and 
the samples dried at 100 °C overnight prior to recording the dry weight. The weight of 1000 
grains at 85% dry matter was then calculated. 
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9.3 RESULTS 
9.3.1 Fusarium culmorum infected seed 
9.3.1.1 Seed inoculation 
Plating of seed onto potato dextrose agar on the day of sowing indicated that the 
inoculation process had been successful. For all treatments except the Healthy Control, Beret 
and the spore suspension application of J76, seed germination on agar was poor and of the 
seeds that did germinate, lesions became apparent at the coleoptile bases and a high proportion 
of seedlings died. When seed from these treatments was plated onto agar, Fusarium culmorum 
grew quickly from the seed to cover the surface of the agar, the antagonist organisms, when 
present, grew less quickly and colony development was limited to an area directly surrounding 
each seed (Plate 9.1). Treatment of seed with Beret resulted in 100% germination on agar but 
F. culmorum was not eradicated and brown lesions appeared on each of the coleoptiles. Seed 
which had received a spore suspension application of J76 displayed 100% germination and, 
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although F. culmorum grew to cover the agar surface, the seedlings were healthy with no 
lesions developing on the coleoptiles (Plate 9.2). This treatment, therefore, did not eradicate 
the F. culmorum inoculum but it appeared to prevent the pathogen from causing disease. 
9.3.1.2 Seedling emergence and early establishment 
Figure 9.1 shows that a very high level of pre-emergence death was observed in the 
Inoculated Control treatment. Only 20% of seedlings emerged and a number of seedlings died 
soon after emergence (post-emergence death). Seedling emergence in the Healthy Control, 
Baytan and Beret treatments was significantly higher than in any of the other treatments, 
reaching approximately 97%. No post-emergence death of seedlings was observed in these 
treatments. Of the test biological treatments, seedling emergence in the Mycostop, the 
formulated application of J76, Gliocladium catenulatum and G. roseum (PL 1) treatments were 
not significantly different from each other; final percentage emergence values were 
approximately 70%. The spore suspension application of J76 and the G. roseum (M 040222) 
treatments displayed a significantly higher number of seedlings emerged (approximately 90%). 
9.3.1.3 Development of seedling disease 
A relatively high degree of seedling disease was observed when plants were assessed 
at Growth Stage 12 (Figure 9.2, Table 9.2(a)). The Healthy Control, Baytan and Beret 
treatments showed only very slight symptoms of disease, but the presence of brown lens-shaped 
lesions at the stem base, characteristic of Fusarium infection, was common in all other 
treatments. Fusarizim culmorum was recovered from stem bases from all treatments except the 
Healthy Control, Baytan and the two J76 treatments (Figure 9.3). At Growth Stage 12 two of 
the antagonist isolates were recovered from stem bases from their respective treatments. The 
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fungus J76 was isolated from 40% of stem bases from each of the J76 treatments and 
Gliocladiaim roseum (PL1) was recovered from 80% of stem bases. Seedlings which originated 
from seed treated with Gliocladium roseum (IMI 040222) or the spore suspension application 
of J76 were relatively healthy: approximately 70% seedlings displayed no or only slight disease 
symptoms. Seedling disease in the Mycostop, G. catenulatum and G. roseum (PL1 isolate) 
treatments was moderate with 50% seedlings falling into classes 2 and 3 (i. e. moderate to 
severe symptoms) (Table 9.2(a)). A very considerable degree of stem base browning was 
observed in the Inoculated Control and formulated J76 treatment: 70% seedlings being judged 
as displaying moderate or severe symptoms. 
9.3.1.4 Development of foot rot disease 
Stem base browning was slight when plants were sampled at Growth Stage 31 (Table 
9.2(b)). In all treatments at least 90% of plants showed no disease symptoms. Fusarium 
culmorum was recovered from stem bases in six of the ten treatments when plated onto agar 
but percentage infection values were low (Figure 9.3). Antagonist isolates were not recovered 
when plant material was plated onto agar. 
When plants were sampled at Growth Stage 59 the development of stem base disease 
was evident (Table 9.2(c)). The severity of disease was relatively uniform across all treatments 
with the majority of plants being classed as displaying moderate or severe symptoms. Stem base 
browning symptoms were observed in 75% of plants from the Healthy Control treatment. 
When the stem bases from this treatment were plated onto agar, however, F. culmonim was not 
recovered but 10% of plants appeared to be infected with Microdochium nivale. The lowest 
disease severity was displayed by the Gilocladium roseum (PL1) treatment in which 55% plants 
had symptoms classed as moderate or severe, the Mycostop and the Healthy Control treatments 
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had 72% and 75% of plants in these two classes respectively, while in all other treatments at 
least 80% of plants showed moderate or severe symptoms. Given the degree of disease 
observed at Growth Stage 59, the percentage of stem bases from which F. culmorum was 
reisolated was lower than expected (Figure 9.3): the pathogen was not recovered from more 
than 25% of stem bases in any one treatment. 10% of plants in all the treatments appeared to 
be infected with M. nivale. 
At Growth Stage 75 the degree of stem base browning in all treatments was 
considerable (Table 9.2(d)) with the majority of plants in all treatments, except the Healthy 
Control and spore suspension application of J76 treatments, being classed as displaying severe 
symptoms. Wheat from the Healthy Control, Mycostop, Gliocladium catenulatum and 
formulated J76 treatment gave relatively similar disease assessment scores (approximately 70% 
of stem bases having moderate or severe symptoms). The remaining six treatments displayed 
more severe Fusarium foot rot symptoms with more than 80% plants showing moderate or 
severe stem base browning. F. culmorum was isolated from stem bases from all treatments 
(Figure 9.3) but the percentage recovery was low considering the severity of disease symptoms 
observed. At Growth Stage 75, Microdochium nivale was isolated from stem bases in only a 
very few cases. 
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Plate 9.1. Wheat seeds, artificially inoculated with Fusarium culmorum and Gliocladium 
catenulatum, after seven days incubation on PDA at 20°C. 
Plate 9.2. Wheat seeds, artificially inoculated with Fusarium culmorum and J76 (spore 
suspension), after seven days incubation on PDA at 20°C. 
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Tables 9.2 (a-d). Stem base browning disease symptoms on wheat plants (cv. Mercia) grown 
from seed artificially infected with Fusarium culmorum at four sample dates. Ten plants from 
four replicate blocks were sampled at each date. 
Symptoms: 0= no disease, 1= slight disease, 2= moderate disease, 3= severe disease 
symptoms. 
(a) Growth Stage 12 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 98 0 2 0 
Inoculated Control 18 10 40 32 
Baytan 98 0 0 2 
Beret 100 0 0 0 
Mycostop (K61) 38 10 20 32 
J76 (formulated preparation) 25 5 25 45 
J76 (spore suspension) 55 25 10 10 
Gliocladium roseum (IMI 040222) 60 8 11 21 
G. catenulatum 48 2 20 30 
G. roseum (PL1 isolate) 38 12 22 28 
(b) Growth Stage 31 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 100 0 0 0 
Inoculated Control 100 0 0 0 
Baytan 93 5 0 2 
Beret 95 0 3 2 
Mycostop (K61) 93 0 5 2 
J76 (formulated preparation) 98 0 2 0 
J76 (spore suspension) 100 0 0 0 
Gliocladium roseum (IMI 040222) 90 0 5 5 
G. cateiuilatum 95 3 2 0 
G. roseum (PL1 isolate) 98 0 2 0 
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(c) Growth Stage 59 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 25 0 48 27 
Inoculated Control 2 5 40 53 
Baytan 5 13 45 37 
Beret 13 2 48 37 
Mycostop (K61) 20 8 37 35 
J76 (formulated preparation) 13 7 35 45 
J76 (spore suspension) 15 2 50 33 
Gliocladium roseum (IMI 040222) 10 10 48 32 
G. catenulatum 15 5 55 25 
G. roseum (PL1 isolate) 30 15 35 20 
(d) Growth Stage 75 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 23 10 37 30 
Inoculated Control 28 32 58 
Baytan 10 0 36 54 
Beret 82 35 55 
Mycostop (K61) 5 20 30 45 
J76 (formulated preparation) 10 20 38 32 
J76 (spore suspension) 10 5 40 45 
Gliocladium roseum (IMI 040222) 2 10 40 48 
G. catenulatum 17 13 25 45 
G. roseum (PL1 isolate) 10 8 37 45 
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9.3.1.5 Harvest data 
The number of ears in the Inoculated Control treatment was significantly lower than in 
any of the other treatments (Table 9.3): application of seed treatments resulted in at least a 51% 
increase in the number of ears produced. The Healthy Control and the biological seed 
treatments, J76 (spore suspension) and Gliocladium roseum (III 040222) gave the highest 
number of ears. 
The Inoculated Control gave the lowest grain dry weight (equivalent of 3.24 tonnes/ha 
at 85% dry matter; Table 9.3, Figure 9.4) and this value was significantly lower than in any of 
the other treatments. The Healthy Control treatment yielded the best giving the equivalent of 
6.53 tonnes/ha at 85% dry matter. All biological treatments, except Gliocladium catenulataim, 
displayed grain yields that were not significantly different from the two chemical controls and 
the Healthy Control. Yield in the G. catenulatum treatment (equivalent of 4.84 tonnes/ha at 
85% dry matter) was significantly lower than in the Healthy Control, Baytan, Mycostop and 
G. roseum (M 040222) treatments. 
No differences between treatments were observed in the thousand grain weights (Table 
9.3). 
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Table 9.3. Effect of different chemical and biological seed treatments applied to wheat seed 
infected with Fusarium culmorum on ear number, grain yield and thousand grain weight. 
Mean values of eight replicate blocks are displayed. 
Treatment Mean number Mean grain Mean 
of ears dry weight (g) thousand grain 
weight (g) 
Healthy Control 149 119 34.1 
Inoculated Control 55 59 32.1 
Baytan 137 115 34.5 
Beret 135 107 32.4 
Mycostop (K61) 120 112 34.1 
J76 (formulated preparation) 119 100 33.2 
J76 (spore suspension) 141 107 35.5 
Gliocladium roseum (IMI 040222) 141 114 33.1 
G. catenulatum 114 88 31.9 
G. roseum (PL1 isolate) 113 102 33.6 
Least significant difference (LSD)' 19.6 20 4.2 
Least significant difference between treatment means at P>0.05,63d. f. 
242 
m 
1- 1C) CD to 1f) '. V. V) m 'f) 
(Jaflew i p%99 eq/sauuol) pIaiA uiwJo 
243 
cu C O 
ÜQ 
U ° O 
w 
w ö 
~ yV 
_ 
C7 
C N 
e 
C 
Ö 
cD ý 
° 
ö0 
7 v 0 
C N ti * 
ry 
\"/ 
Qý 6n 
- Cw 11 0 
y W 
LM q an 
o Q mm, O oi 
Ü 
öp 
_ _ 
U ö O0 
mo y II 
,, d -g 
0 1-1 
u2 
U U0 OI ý 
O 
' 0 M 0 
U cu 
a 
,4E c 
g 
= 
M 19.52 M moo' fs, 
.a 1 Fr. ö öý 
9.3.2 Microdochium nivale infected seed 
9.3.2.1 Seed inoculation 
Plating of seed onto potato dextrose agar on the day of sowing indicated that the 
inoculation process had been successful. Seed germination on agar was higher than that 
observed for seed infected with Fusarium culmorum with 100% germination observed in all 
but the Inoculated Control and Baytan treatments. 80% of Inoculated Control seed germinated 
but Microdochiwn nivale grew across the surface of the agar and brown lesions developed on 
stem bases and leaves (Plate 9.3). Of the two chemical seed treatments, Beret considerably 
reduced fungal growth but Baytan appeared to have little effect, with heavy growth ofM. nivale 
occurring from each seed. In the Mycostop treatment, Mnivale grew to cover the plate but the 
Mycostop organism, Streptomyces griseoviridis, then developed from four seeds, producing 
the active substance which resulted in the inhibition of pathogen growth and the formation of 
clear zones around the seeds (Plate 9.4). On agar, the test biological treatments, J76 and the 
three Gliocladium isolates, appeared to be more effective in the control of Mnivale on seed 
than F. culmorum. In each case, the antagonist was the dominant species developing on the 
agar, M. nivale did develop in most cases but was excluded from the area directly surrounding 
the seed. Some disease symptoms were observed but in general seedlings were relatively 
healthy (Plates 9.5 and 9.6). 
9.3.2.2 Seedling emergence and early establishment 
A moderate degree of pre-emergence death of seedlings was observed in the Inoculated 
Control treatment: 55% of seedlings emerged (Figure 9.5). Post-emergence death of seedlings 
was rare. Coating of seed with chemical and biological treatments significantly increased the 
percentage of seedling emergence. All treatments displayed over 90% emergence and at least 
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95% seedlings in the Baytan, Beret, J76 (spore suspension), Gliocladium catemilatum and 
G. roseum (PL1 isolate) emerged. 
9.3.2.3 Development of seedling disease 
A relatively high degree of seedling disease was observed when plants were assessed 
at Growth Stage 12 (Table 9.4(a) and Figure 9.6). The Healthy Control, Baytan and Beret 
treatments showed no or only very slight symptoms of disease but browning at seedling stem 
bases was relatively common in the other treatments. Microdochium nivale was recovered from 
stem bases from all treatments except the Healthy Control, Baytan, Beret and J76 (spore 
suspension application) when plated onto potato dextrose agar (Figure 9.7). All antagonist 
isolates, except Streptomyces griseoviridis (Mycostop) were also recovered from plant material 
from their respective treatments. J76 was isolated from 30% of stem bases in the formulated 
J76 treatment, and from 20% of stem bases in the J76 spore suspension treatment. Gliocladium 
roseum (IlVII 040222), G. catenulatum and Groseum (PL1) displayed percentage recovery rates 
from stem bases of 40%, 40% and 60% respectively. A very high proportion of seedlings 
originating from seed treated with a spore suspension application of J76 were healthy: 88% of 
stem bases showed no symptoms of disease. Over 70% of seedlings in the Gliocladium 
catenulatum treatment showed only slight disease symptoms. A moderate degree of stem base 
browning was observed in seedlings from the Mycostop, formulated J76 and both G. roseum 
treatments with 60-70% of seedlings classed as displaying moderate or severe symptoms. Stem 
base browning in the Inoculated Control treatment was very considerable: more than 80% of 
seedlings showing moderate or severe symptoms. 
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9.3.2.4 Development of foot rot disease 
A moderate degree of disease was observed when plants were sampled at Growth Stage 
31 (Table 9.4(b)). The severity of disease was relatively similar in the Inoculated Control, 
Baytan, Mycostop, formulated J76, Gliocladium roseum (IMI 040222) and G. catenulatum 
treatments with approximately 50% of plants classed as displaying no or slight symptoms of 
disease and the other 50% showing symptoms that were moderate or severe. In these 
treatmentsM. nivale was recovered from between 20 and 45% of stem bases (Figure 9.7). The 
Beret, J76 (spore suspension) and G. roseum (PL1 isolate) treatments showed slightly less 
severe symptoms: 60% of plants showed no or only slight browning at the stem base and 
Mnivale was isolated from less than 30% of plants. Some disease was evident in the Healthy 
Control treatment: 12% of plants showed moderate or severe stem base browning symptoms 
and Mnivale was recovered from approximately 3% of stem bases. At Growth Stage 31 none 
of the antagonist isolates were recovered when plant material was plated onto agar. 
At Growth Stage 59 the degree of stem base browning in all treatments was 
considerable (Table 9.4(c)). In all but the Healthy Control, Mycostop and G. roseum (PL1 
isolate) treatments, at least 80% of plants showed moderate or severe stem base browning 
symptoms. Disease in the remaining three treatments was slightly less severe; approximately 
25% of plants from the G. roseum (PL1) treatment and 37% of plants from the Healthy Control 
and Mycostop treatments showed no or only slight disease symptoms. Mnivale was recovered 
from plants from all treatments (Figure 9.7). 
Disease severities at Growth Stage 75 were relatively similar to those observed at 
Growth Stage 59 (Table 9.4(d)). The degree of stem base disease in the Healthy Control and 
Mycostop treatments was comparatively less than that in the other treatments with 
approximately 40% of plants showing no or only slight stem base browning symptoms. In all 
other treatments at least 80% of plants displayed moderate or severe symptoms and in most 
cases the degree of stem base browning in the majority of plants was classed as severe. 
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Plate 9.3. Wheat seeds, artificially inoculated 
with Itulcrodochium nivale (Inoculated 
Control), after 7 days incubation on PDA at 
20°C. 
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Plate 9.4. Wheat seeds, artificially inoculated 
with Microdochium nivale and Mycostop, 
after 7 days incubation on PDA at 20°C. 
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Plate 9.5. Wheat seeds, artificially inoculated 
with Microdochium nivale and J76 
(formulated preparation), after 7 days 
incubation on PDA at 20°C. 
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Plate 9.6. Wheat seeds, artificially inoculated 
with Microdochium nivale and Gliocladium 
roseum (IMI 040222), after 7 days 
incubation on PDA at 20°C. 
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Table 9.4(a-d). Stem base browning disease symptoms on wheat plants (cv. Mercia) grown 
from seed artificially infected with Microdochium nivale at four sample dates. Ten plants 
from four replicate blocks were sampled at each date. 
Symptoms: 0= no disease, 1= slight disease, 2= moderate disease, 3= severe disease 
symptoms. 
(a) Growth Stage 12 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 98 0 2 0 
Inoculated Control 12 5 40 43 
Baytan 98 2 0 0 
Beret 100 0 0 0 
Mycostop (K61) 25 10 47 18 
J76 (formulated preparation) 38 2 32 28 
J76 (spore suspension) 88.00 0 10 2 
Gliocladium roseum (IMI 040222) 25 2 43 30 
G. catemilatum 60 12 18 10 
G. roseum (PL1 isolate) 30 10 45 15 
(b) Growth Stage 31 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 83 5 12 0 
Inoculated Control 40 8 28 24 
Baytan 40 15 33 12 
Beret 40 22 30 8 
Mycostop (K61) 38 8 32 22 
J76 (formulated preparation) 38 15 25 22 
J76 (spore suspension) 33 25 22 20 
Gliocladium roseum (IMI 040222) 33 12 30 25 
G. catenulatum 30 20 28 22 
G. roseum (PLI isolate) 30 38 15 17 
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(c) Growth Stage 59 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 25 12 48 15 
Inoculated Control 5 5 25 65 
Baytan 5 5 32 58 
Beret 5 10 30 55 
Mycostop (K61) 27 10 25 38 
J76 (formulated preparation) 18 0 47 35 
J76 (spore suspension) 8 5 30 57 
Gliocladium roseum (IMI 040222) 8 5 45 42 
G. catenulatum 0 5 28 67 
G. roseum (PL1 isolate) 15 8 32 45 
(d) Growth Stage 75 
Seed Treatment Percentage of plants in symptom classes 0-3 
0123 
Healthy Control 25 12 35 28 
Inoculated Control 10 0 30 55 
Baytan 5 5 45 45 
Beret 2 0 38 60 
Mycostop (K61) 25 15 22 38 
J76 (formulated preparation) 10 10 45 35 
J76 (spore suspension) 5 2 40 53 
Gliocladium roseum (IMI 040222) 8 12 30 50 
G. catenulatum 12 5 30 53 
G. roseum (PLI isolate) 10 8 47 35 
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9.3.2.5 Harvest data 
The highest number of ears were produced in the two chemical control treatments 
(Table 9.5). The Healthy Control and the biological treatments, Mycostop, J76 (spore 
suspension) and Gliocladium catenulatum gave approximately 10% fewer ears and the 
formulated J76 and the two G. roseum isolates approximately 20% fewer, than the Beret and 
Baytan treatments. The Inoculated Control produced the lowest number of ears giving an 
approximate decrease of 30% when compared with the chemical controls. 
The highest grain yield was displayed by the Baytan treatment (equivalent of 6.49 
tonnes/ha at 85% dry matter; Table 9.5, Figure 9.8) and this value was significantly higher 
than the yields of the Inoculated Control (equivalent of 5.22 tonnes/ha at 85% dry matter) 
and the formulated J76 and G. roseum (III 040222) treatments. Mycostop, J76 (spore 
suspension) and G. catenulatum gave similar grain yields of approximately 6.25 tonnes/ha 
at 85% dry matter. 
All treatments except the G. roseum (IMI 040222) treatment, displayed relatively 
similar 1000 grain weights. The Inoculated Control and the two chemical controls gave the 
lowest 1000 grain weight values (approximately 31.5g) while the values for the Healthy 
Control and the biological treatments were slightly higher (approximately 33g). The 1000 
grain weight recorded for the G. roseum (PL 1) treatment (i. e. 3 6.2g) was comparatively 
higher than that obtained in the other treatments. 
253 
Table 9.5. Effect of different chemical and biological seed treatments applied to wheat seed 
infected with Microdochium nivale on ear number, grain yield and thousand grain weight. 
Mean values of eight replicate blocks are displayed. 
Treatment Mean number Mean grain Mean 
of ears dry weight (g) thousand grain 
weight (g) 
Healthy Control 143 108 33.0 
Inoculated Control 113 95 31.4 
Baytan 161 119 32.0 
Beret 153 106 31.4 
Mycostop (K61) 144 115 33.0 
J76 (formulated preparation) 128 98 32.9 
J76 (spore suspension) 143 113 33.0 
Gliocladium roseum (IMI 040222) 129 98 33.2 
G. catemulatum 144 114 33.8 
G. roseum (PL1 isolate) 126 106 36.2 
Least significant difference (LSD)* 25.3 20.1 3.71 
* Least significant difference between treatment means at P>0.05,63d. f. 
254 
I- 
ti LO in v in C) Ln 
CD ýt) cjN 
(jallew tip%; 8 eq/sauuol) plain( uleJE) 
255 
ti V 
c Z. :Z 
C J 
0- C) 
v 
-S3 11 T U 
I `, q II N 
J 
y 
U 
u 
r 
R 
Y 
Z. 
cz 
11 Z 
ui 
n 
rw 
O 
C) 9Ö 
cz cu ce 
n Q r. C 
cm -0 1 
'L u 
p 
- 
Ei) y N 
J 0 ÜN 
ZZ U 11 
v - 
0 
o V^ 
C am ; 
00 C ^ 'ý 
- h 1r 
^ 
i 
0 n `r 
ýI " © I r- 
T 
9.4 DISCUSSION 
The primary aim of the outdoor trial was to assess the potential of selected 
antagonist isolates in the control of Fusarium seedling blight under semi-field conditions but 
the effect of the seed treatments on the development of Fusarium foot rot and on grain yield 
was also assessed. There have been several reports of interactions between the fungal 
pathogens involved in the cereal stem-base disease complex. In a survey of pathogens 
associated with stem-base disease on German crops, around 40% of eyespot lesions 
contained Fusarium species as well as Pseudocercosporella herpotrichoides (Bruck and 
Schlösser, 1982). Reinecke et al. (1979) examined the interactions between 
P. herpotrichoides, the main causal agent of foot-rot of winter wheat in the FDR, and 
Fusarium species and Rhizoctonia cerealis. Treatment of plots with a soil-based inoculum 
of Rcerealis increased the incidence of sharp eyespot but decreased disease attributable to 
P. herpotrichoides and Fusarium species. Because of the reported effect on the incidence 
of F. culmoraum and Microdochium nivale of other stem base pathogens, the wheat in the 
present work was grown in compost in large plastic seed trays placed outdoors rather than 
in field plots; this excluded soil- or debris-borne inoculum of pathogens such as 
P. herpotrichoides and R. cerealis. The trial was designed to simulate field grown wheat as 
closely as possible. Seed was sown at field rate and field spacing and trays were arranged 
close together in one block rather than as isolated single trays. The system appeared to be 
quite effective, it was easy to maintain and sample, and it provided growing conditions 
which were much more realistic than those achieved in controlled environment cabinets. 
Plants were subjected to the environmental conditions that prevailed and although seed was 
not sown in natural field soil, the compost was not sterile and the antagonist organisms had 
to compete with the resident, albeit relatively restricted, microflora. The rooting depth of 
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the seed trays was shallow when compared with that of field grown wheat but containers 
were irrigated from late spring and plant growth and development did not appear to be 
affected. Grain yields at harvest were comparable with those obtained in field plots in the 
same season. 
Wheat plants originating from seed which had been artificially infected with 
Fusarium culmorum or Microdochium nivale (Inoculated Control treatments) displayed a 
considerable degree of seedling blight. In the F. culmorum Inoculated Control, 
approximately 80% of seedlings died before emergence (pre-emergence death) and 70% of 
those seedlings that did emerge displayed moderate or severe stem base browning symptoms 
at Growth Stage 12. In the case ofMnivale approximately 45% of seedlings did not emerge 
and 80% of seedlings at Growth Stage 12 showed moderate or severe symptoms. The 
percentage of pre-emergence seedling death and severity of disease at Growth Stage 12 
were significantly reduced by the use of the chemical controls, Baytan and Beret, and by all 
biological control treatments. Baytan and Beret displayed the best control of seedling blight 
caused by F. culmorum and M. nivale, giving seedling emergence values of approximately 
98% and complete prevention of disease symptoms at Growth Stage 12. The spore 
suspension application of J76 and Gliocladium roseum (IMI 040222) were highly effective 
in the biological control of F. culmorum. Approximately 90% of seedlings emerged in these 
two treatments and disease severity at Growth Stage 12 was relatively low, with 70% of 
seedlings showing no or only slight stem base browning symptoms. In the control of 
seedling disease caused by Mnivale, all biological treatments displayed percentage 
emergence values of 90% or above. The spore suspension application of J76 and 
Gliocladiiim catemrlatum were the two most effective biological treatments in the control 
of disease symptoms at Growth Stage 12: 88% of seedlings in the J76 treatment and 70% 
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in the G. catenulatarm treatment showed no stem base browning. 
There have been several reports on the disease control potential of Gliocladium 
roseum but little published work on the activity of J76. In a field trial conducted in 
1992/1993 which examined the efficacy of four biological seed treatments in the control of 
seedling blight of winter wheat caused by Fusarium culmorum, spore suspension 
applications of J76 and an isolate of G. roseum were highly effective in increasing emergence 
and decreasing disease severity (Knudsen et al., 1995). The control of disease displayed by 
these two biological treatments was not significantly different from that shown by the 
chemical seed treatment Sibutol, but significantly higher than the control displayed by the 
biological treatments Chaetomium globosum and Idriella bolleyi. Tyner and McKinnon 
(1964) reported that G. roseum reduced the pathogenicity of Bipolaris sorokiniana on 
barley seeds when tested on agar, and the fungus has also been shown to control Fusarium 
diseases under glasshouse and field conditions. Lynch and Ebben (1986) noted the potential 
of G. roseum in the control of wilt of glasshouse carnations caused by Fusarium oxysporum 
sp. f. dianthi and Vakili (1992) showed that G. roseum reduced the frequency of 
F. moniliforme in corn and decreased root colonization by the pathogen in 27 day old 
seedlings under field conditions. Vakili suggested that the antagonist could be capable of 
suppressing the growth of seed-transmitted pathogens. Millar and Colhoun (1969b) 
reported that in a glasshouse trial which tested the biological control activity of five soil 
fungi, an isolate of G. roseum had been the most effective in controlling Mnivale infection 
in wheat arising from artificially infected seed. In the present work, although effective in 
controlling pre-emergence death of wheat caused by Mnivale, the two isolates of 
G. roseum were the least successful of the biological treatments tested, in the reduction of 
seedling disease symptoms at Growth Stage 12. Different degrees of control were displayed 
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by the two G. roseum isolates examined in this trial. G. roseum (IMI 040222) appeared to 
be more effective in controlling disease caused by F. culmorum whereas the PL1 isolate of 
G. roseum gave better control ofM. nivale. 
There was a marked discrepancy between the control of F. culmorum and M. nivale 
displayed by the spore suspension application and the formulated preparation of the Finnish 
fungal isolate, J76. While the spore suspension of J76 gave the best control of any of the 
biological treatments tested, the formulated preparation of the same fungus gave the least 
control. Results from seed loading studies (data not shown) suggested that viable inoculum 
was present on the seed at the required level of approximately 2000 spores/seed; the spore 
suspension application of J76 was applied at the same rate. Plating of seed onto agar on the 
day of sowing also indicated that the inoculum of formulated J76 was viable. This would 
suggest that the relatively poor performance displayed by the formulated preparation of J76 
was not due to an absence of sufficient and viable inoculum. 
There have been a number of reports on the in vitro hyperparasitic activity of 
Gliocladium catenulatum against Fusarium species (Huang, 1978; Berry and Deacon, 
1992) but little information on the performance of this fungus in controlling pathogen 
species in vivo. Alekseeva et al. (1992) reported that in in vitro experiments, G. catenulatzim 
was highly effective in reducing dry rot development in potato tubers caused by 
F. sambucimum: at 25°C and 5°C reductions in the necrotic surface of 80% and 89% 
respectively were observed when compared with the control treatment. In this work 
G. catenulatum was relatively effective in the control of both F. culmorum and 
Microdochium nivale. Although G. caternrlatum did not control pre-emergence death caused 
by F. culmorum as well as J76 (spore suspension) or G. roseum (IMI 040222), the degree 
of stem base browning seen on seedlings at Growth Stage 12 was relatively low with 
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approximately 50% of seedlings showing no symptoms of disease. G. catenulatum was the 
second most effective biological treatment in the control of seedling disease caused by 
M. nivale. 
Mycostop, a preparation of the actinomycete Streptomyces griseoviridis, is a 
commercial product marketed by Kemira for disease control in glasshouse crops such as 
Fusarium wilt in carnations, damping-off of brassicas and root diseases of cucumbers. 
Control of Fusarium diseases of cereals has also been demonstrated. Lahdenpera, Simon 
and Uoti (1991) reported that in wheat field trials conducted in Finland and Hungary a seed 
treatment application of S. griseoviridis controlled seedling blight caused by both artificial 
and natural infection of Fusarium species; yield was significantly increased. In the present 
work "Mycostop" did not prove as effective as treatments of J76 (spore suspension) or the 
three Gliocladium isolates but seedling disease caused by F. culmorum and Mnivale was, 
nonetheless, reduced significantly when compared with the respective Inoculated Controls. 
Several authors have reported that control of pre-emergence death by biological 
seed treatments was more effective than the control of post-emergence death. Windels and 
Kommedahl (1978) observed that Penicillium oxalicum was effective in preventing pre- 
emergence death of peas but was less effective against post-emergence damping-off which 
began about three weeks after planting. In a glasshouse trial, coating beet seeds with spores 
of Trichoderma viride or Penicillium frequentans gave seedlings good protection from pre- 
emergence damping-off but did not prevent damping-off of older seedlings in infested soil 
(Liu and Vaughan, 1965). In this trial a small degree of post-emergence death was observed 
in the Fusarium culmorum and Microdochium nivale Inoculated Controls but no post- 
emergence death was observed in any of the other treatments. The J76 (spore suspension), 
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Gliocladium roseum (IlVII 040222) and G. catenulatum treatments against F. culmorum and 
the J76 (spore suspension) and G. catenulatum treatments against Mnivale were fairly 
effective in the control of both pre-emergence death and the incidence of disease symptoms 
at Growth Stage 12; a reduction of over 70% in the disease score was observed for these 
treatments when compared with the respective Inoculated Control treatments. In general, 
however, the biological seed treatments were more effective in controlling pre-emergence 
death of seedlings than they were in controlling the severity of stem base browning disease 
of Growth Stage 12. In the control ofM. nivale for example, treatment of infected seed with 
Baytan gave a significantly increased percentage emergence of seedlings (98% emergence) 
compared with the Inoculated Control (55%) and gave a 99.7% reduction in the disease 
seen at Growth Stage 12. After treatment with G. roseum (IMI 040222), however, 
percentage emergence (97%) was very similar to that of Baytan, but the disease score at 
Growth Stage 12 was only reduced by 32% when compared with the Inoculated Control. 
This may suggest that the biological control agents, present at high population densities on 
the seed surface, were effective in controlling the pathogen in the localized area around 
each seed as the coleoptile emerged from the seed case but were less successful in spreading 
from the site of application to protect the young shoot tissues and surviving and 
proliferating in the soil. Antagonist isolates were recovered in some cases from the stem 
bases of wheat when sampled at the seedling stage but no species were recovered when 
plants were sampled later in the season. It is not clear whether individual antagonist species 
were able to compete and survive in their new environment in the long term and more 
specific isolation techniques would be required to trace the survival of the antagonist 
isolates in the soil and rhizosphere. 
In this trial all biological treatments were, to a greater or lesser extent, effective in 
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the control of Fusarium seedling blight of wheat brought about by an artificial infection of 
seed. Control of disease caused by a natural seed infection was not examined. Difference 
in the efficacy of control of artificial and natural infections may, however, be expected. 
Millar and Colhoun (1969b) reported that, in pot experiments, Gliocladium roseum 
significantly reduced the incidence of disease when seeds were inoculated with 
Microdochium nivale but with naturally infected seeds, control was insignificant. Millar and 
Colhoun (1969) suggested that inhibitory fungi were only able to control a surface infection 
on seeds and not one that was deep-seated. 
The development of Fusarium foot rot disease was monitored throughout the 
growing season. The pathogen species appeared to have some effect on the onset of stem 
base browning symptoms, but as the season progressed, few differences in the degree of 
disease were observed between treatments. When the Fusarium culmonim treatments were 
sampled at Growth Stage 12, stem base browning symptoms were evident in several of the 
treatments and the percentage infection levels were relatively high. At Growth Stage 31 
however the vast majority (96%) of plants showed no visible symptoms of disease. The 
reason for the apparent decline in disease between Growth Stages 12 and 31 is not clear but 
the decrease in F. culmorum in the spring may be related to the natural death of stem-base 
leaf sheaths during this period. Some symptomless infection was apparent when stem bases 
were plated onto agar: F. culmorum was isolated from approximately 2% of plants which 
showed no symptoms of disease. This isolation from apparently healthy plant material may 
have been caused by a superficial infection insufficient to cause symptoms in the plant, or 
alternatively spores present in the plant material which did not infect the plant may have 
produced colonies when plated onto agar. Stem base browning was evident in all treatments 
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when plants were sampled at Growth Stage 59. Few differences in the degree of stem base 
browning were apparent between the majority of treatments although symptoms in the 
Gliocladium roseum (PL1), Mycostop and the Healthy Control treatments were 
comparatively less severe. By Growth Stage 75 symptoms of Fusarium foot rot were severe 
in all treatments. When isolations were made from stem bases at Growth Stage 75, only 142 
of the 361 suspected F. culmorum lesions produced colonies (a recovery rate of 39.3%). 
This rate of recovery of isolates from stem base disease lesions however was comparable 
with that shown by Polley and Turner (1995) who were able to isolate Fusarium 
species/Microdochium nivale from 43.5% and 30.7% of disease lesions in 1989 and 1990 
respectively. 
In the Microdochium nivale treatments, Fusarium foot rot disease symptoms 
appeared to develop earlier in the season than was observed in the F. culmorum treatment 
trays. By Growth Stage 31, plants in all treatments, except the Healthy Control, Beret, J76 
(spore suspension) and Gliocladium roseum (PL1), showed moderately high degrees of 
stem base browning and disease scores were comparable with that of the Inoculated 
Control. Disease increased through Growth Stages 59 and 75 when the majority of plants 
from all treatments were judged to be displaying moderate/severe stem base browning 
symptoms. The degree of disease was slightly less severe in the Healthy Control and 
Mycostop treatments. At Growth Stage 59, M. nivale was isolated from 38% of stem bases 
which showed lesions, a recovery rate comparable with that obtained by Polley and Turner 
(1995). At Growth Stage 75, however, the recovery rate of Mnivale from stem bases 
showing lesions decreased to 10% which suggested that the isolation technique used may 
have been inefficient. 
Relatively severe disease symptoms were observed on the stem bases of plants which 
263 
originated from seed which had not been treated with either Fusarium culmorum or 
Microdochium nivale (Healthy Control treatment). When plant material from Healthy 
Control treatments was plated onto agar both pathogen species were recovered which 
indicated that the inoculum causing disease in the Healthy Control treatment may have been 
due to contamination from neighbouring trays by splash dispersal of spores or air dispersal 
of ascospore (M. nivale) inoculum. Contamination of this type was also considered to be 
responsible for the recovery, at Growth Stages 59 and 75, of Mnivale from treatments 
inoculated with F. culmorum. 
At harvest, the Fusarium culmorum Inoculated Control displayed a significantly 
lower number of ears and a significantly lower grain yield compared with the chemical and 
biological treatments. Fewer differences in the number of ears produced and the grain yield 
were seen in the Microdochium nivale treatments: only four treatments displayed yields 
significantly higher than that of the M. nivale Inoculated Control. Given the high degree of 
pre-emergence death in these treatments the number of ears produced and the grain yields 
were higher than might have been expected and it was clear that some compensating effects 
on the surviving plants occurred. Noon and Jackson (1992) noted that when high levels of 
seed contamination and harsh environmental conditions conspired to reduce plant numbers, 
crops were surprisingly able to compensate with much tillering throughout the season. Few 
significant differences in the parameters measured at harvest were observed between the 
chemical and biological seed treatments. The most effective treatments against F. culmorum 
in terms of the number of ears and the grain yield were the Healthy Control, Baytan, 
Gliocladium roseum (IMI 040222), J76 (spore suspension), Beret and Mycostop which 
gave yields of at least 5.9 tonnes/ha. Against M. nivale, Baytan, Mycostop, Gilocladium 
catemilatum and J76 (spore suspension) were the highest yielding treatments with yields in 
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excess of 6.2 tonnes/ha. The N1. fnn'a/e treatments tended in general, to give higher grain 
yields than the F. culmorum treatments; this may be related to the smaller amount of pre- 
emergence death experienced by the Al nfivale treatments. 
It is not clear from this trial what effect, if any, Fusarium foot rot disease had on 
grain yield. By Growth Stage 75, in both the F. ctilmorum and M. nivale treatments, over 
7011'0 of plants showed moderate or severe disease symptoms and there were no obvious 
differences in the disease severity between the Inoculated Controls and the chemical and 
biological seed treatments at Growth Stage 59 and onwards for F. culrnorum treatments and 
from Growth stage 31 and onwards for M. nivale treatments. The uniformity in foot rot 
disease severity between the Inoculated Controls and all other treatments would suggest 
that none of the seed treatments tested had the ability to reduce stem base disease caused 
by these pathogens; no effect on yield caused by Fusarium foot rot, therefore, could be 
observed. The biological seed treatments that were most effective in controlling seedling 
disease (i. e. J76 (spore suspension) and Gliocladium rosetrm (IMI 040222) against 
F. culmornm and J76 (spore suspension) and G. catemilatum against M. nivale) were, 
together with Mycostop, the biological treatments which gave the highest yields at harvest. 
Early control of Fusarium seedling blight would, therefore, appear to have an important 
beneficial effect on harvest yields and the results from this trial suggested that the best 
biological seed treatments were as effective, in this respect, as the chemical treatments, 
Baytan and Beret. 
The work described in Chapter 9 gave results that were encouraging for the future 
of biological seed treatments in the control of Fusarium seedling blight of wheat. Although 
the trial was not performed in the field itself, wheat was drown outside under conditions 
that simulated as closely as possible a field grown crop. The biological control treatments 
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were all effective in controlling pre-emergence death and reducing post-emergence 
damping-off of seedlings caused by artificial infections of either Fusarium culmorum or 
Mlicrodochium nivale and in some cases, particularly against ALnivale, control of seedling 
disease was comparable with that of the chemical seed treatments, Baytan and Beret. None 
of the seed treatments tested, appeared to control to any great extent, the development of 
Fusarium foot rot later in the growing season. At harvest, however, yield increases over the 
Inoculated Control treatments were observed and the best biological seed treatments yielded 
as well as the two chemical seed treatments. 
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CHAPTER 10 
GENERAL DISCUSSION 
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10.1 Selection of promising antagonists 
The general approach adopted in this thesis to find a biological control agent capable 
of reducing Fusarium seedling blight followed a well-established strategic programme used to 
identify antagonists of many other plant pathogens. Thus the selection of potential antagonists 
from a wide range of organisms on the basis of results from in vitro screens was followed by 
testing those isolates for activity against the pathogen on plants (Campbell, 1986). This 
approach has met with varying degrees of success in other studies. 
The limitations of in vitro agar screening to assess antagonism were discussed earlier 
(Chapter 3). The main advantage of in vitro screens is that they allow many organisms to be 
tested within a limited period of time but the type of test performed is an important factor in 
minimising the drawbacks of the system. Simple tests, for example, those carried out on only 
one type of agar, may result in the screening of large numbers of organisms but the subsequent 
selection may be poor because the tests are based on few factors. The use of more wide- 
ranging and complicated screens may allow fewer organisms to be tested but the selection 
criteria may be improved. Thus, to increase the validity of in vitro screening, a compromise 
must be reached between the number of organisms that can be tested in the time available and 
the number of factors upon which selection can be based. 
In this work approximately 30 microorganisms, the majority of them fungal species, 
were tested for antagonistic activity against Ftisarium culmorum and Microdochirrm nivale on 
four (for fungi) and five (for bacteria) different types of agar media. The microorganisms tested 
in this work were chosen carefully and included fungi and bacteria isolated from wheat seeds 
and wheat stem bases, together with several previously reported antagonist species. The 
different media provided a range of nutrient concentrations which gave an indication how an 
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individual antagonist and pathogen might interact under different sets of conditions. Media 
based on either wheat seed or soil extracts were included in the screen and these aimed to 
identify those organisms capable of growth and antagonism toward the pathogen under nutrient 
conditions based on possible "target" sites. Further tests which would have provided additional 
information to aid the selection of potential antagonists could have been devised to assess for 
example, the effect of temperature, pH and water potential, such tests, however, were 
considered too time-consuming and unnecessary for preliminary selection. 
The main objective of the in vitro tests in this study was to select a realistic number of 
antagonists which would have potential in the natural environment, for further testing on plants. 
The in vitro screening methods appeared to be more suitable for fungi than bacteria. Tests were 
positive for most of the known fungal antagonists and all isolates tested showed a range of 
activities on the different media enabling the selection of a realistic number for testing on plants. 
For the bacterial isolates, including several known antagonists, inhibition occurred only when 
the bacteria had been established on the substrate several days prior to the inoculation of the 
pathogen. Bacillus brevis, the only bacterial isolate carried forward to in vivo testing, failed to 
survive when co-inoculated with F culmorum on wheat seed. 
The dual culture experiment tested, under high and minimal nutrient levels, for 
organisms able to occupy most space on the substrate with the exclusion of the pathogen, for 
those which were able to produce secondary metabolites which adversely affected pathogen 
development and for those which parasitized the pathogen. Thus, in addition to giving an 
indication of which antagonists were the best potential antagonists, some preliminary 
information as to their mode of action was also obtained. 
Following in vitro testing, an in vivo seedling test involving treatment of wheat seed 
with pathogen and antagonist inoculum was carried out. This examined the ability of selected 
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antagonists to control infection of wheat seedlings by either F. culmorum or M. nivale under 
controlled environment conditions. The aim was the selection of a small number of antagonists 
which showed the greatest potential for biological control in the field, for further in-depth 
study. The in vivo seedling assays were designed as a more realistic strategy compared with the 
in vitro experiments. The ability of the antagonists to compete with the pathogen was tested 
on the wheat seed and in the rhizosphere of wheat seedlings and under conditions more similar 
to the field than those experienced in the Petri dish. Thus, potential antagonism toward the 
pathogen in the field could be best estimated by the assessment of seedling infection in pot 
experiments rather than in the laboratory. 
The relevance of in vitro tests is often judged by correlation with results obtained in 
vivo; if isolates active in vitro are not active on plants, the in vitro tests are considered 
irrelevant. In general, in vitro tests should not be used to predict in vivo activity but some 
potentially useful properties may be detected. In this study fungal antagonists which were 
effective in vitro were generally also effective in reducing disease in seedling tests. Thus 
although correlation between in vitro and in vivo pathogen control was not complete, the in 
vitro tests were useful in identifying fungal antagonists of F. culmorum and M. nivale effective 
on wheat plants. 
After the initial screening procedure using agar dual culture tests and an in vivo seedling 
assay (Chapter 3), it was concluded that the fungi with the greatest antagonistic potential 
towards the two pathogen species were the three Gliocladium isolates and the Finnish fungal 
isolate, J76. Much of the subsequent work, therefore, contained in this thesis concerns the 
interaction between Frisarium culmorum and Microdochium nEvale and the antagonists, 
Glrocladriim roseum (isolates IMI 040222 and PLI), G. catemilatum (IMI 288054) and J76. 
270 
The mode of action of individual antagonist isolates against each pathogen species was 
investigated in depth and the inhibitory activity of the four antagonist isolates on plants under 
a range of environmental conditions and under semi-field conditions was also examined. 
10.2 Modes of action 
10.2.1 Antibiosis 
The biological control potential of members of the genus Glioclcidium has attracted 
much interest since Weindling first reported the antibiotic activity of G fimbriatuum in 1941. The 
vast majority of the research carried out, however, has concentrated on only one species, 
G. virgins, with interest focused particularly on antibiotic production (Papavizas, 1985). Reports 
on the biological control potential of G. roseum and G. catenulatum on the other hand, are 
comparatively rare: research that has been conducted on these two species has generally 
concerned their mycoparasitic nature, whereas antibiotic production has attracted very little 
attention. Tests reported in this thesis showed that the two isolates of (I. roseum and the isolate 
of (J. catemrlatum produced volatile antibiotics and non-volatile metabolites which were 
inhibitory toward either F. culmorum, 2vLnivale or both pathogens in vitro. This had not been 
recorded previously. 
Volatile antibiotics produced by G. roserrm (IN1I 040222 and PL 1) and U. catemilatum 
had an inhibitory effect on mycelial growth of ivI. nivale, but they did not inhibit development 
of Fculmorum. The production of volatile antibiotics by members of the Trichoderma genus 
has been well documented (Dennis and Webster, 1971b, Simon et al., 1988, Dunlop et al., 
1989), but the production of volatile antibiotics by members of the Glioclczdiirm genus has not 
been reported previously. The volatile activity of several isolates of G. vireos was investigated 
by Dennis and Webster (1971b), but no significant effect on the growth of Rhi: octonia soiwil 
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was observed. In this work, the volatile compounds were produced by the three Glioclachum 
antagonists when they were grown on high nutrient agar and it is unclear whether poorer, 
natural substrates could support production. Volatile antibiotic activity could play an important 
role in the biological control of fungal pathogens. Claydon et al. (1987) reported that the 
production of antiftingal volatile metabolites conferred a distinct advantage over other non- 
volatile inhibitors, since organisms remote from the sites of production were likely to be 
affected. 
Non-volatile metabolites produced by the three Gliocladirrm antagonists had a greater 
inhibitory effect on the test pathogens than did the volatile antibiotics. Culture filtrates of 
Gxateinilatum and G. roseum (PL 1) were very highly inhibitory to mycelial growth of both 
Fusarium culmorum and Microdochium nivale, while G. roseum (IMI 040222) inhibited 
mycelial growth to a slightly lesser extent. 
In an experiment carried out to examine the effect of concentration of non-volatile 
metabolites, a 90% dilution of crude extracts of G. catenulatum and G. roseum (PL1) was 
shown to inhibit mycelial growth of F. culmorum by approximately 80% and that of M. nivale 
by approximately 95%. At the same dilution, the culture filtrate of G. rosetrm (IMI 040222) did 
not inhibit biculmorum and gave only a very slight reduction in the growth rate of M. nivale, 
indicating that both pathogens were partially tolerant to culture filtrates of G. roseum (IMI 
040222). The difference in activity of the culture filtrates of the two G. roseum isolates may be 
due to a lack of production of certain metabolites by G. roseum (INII 040222) or the production 
of the same metabolites as isolates G. roseum (PL 1) but at a lower concentration Reports have 
sugested that the production of a fungal inhibitory factor by Trichoderma species is isolate- , 
rather than species-dependent (Gibbs, 1967, Dennis and Webster, 1971a, 1971b, Bruce et al., 
1984) and a similar hypothesis may account for the difference in activity of the culture filtrates 
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of the two isolates of G. roserim used in this work. The effect of non-volatile metabolites on 
reducing Fusarium seedling blight disease symptoms in vivo was not tested and it may be that 
the ability to completely suppress mycelial growth of the pathogen in vitro is not required. 
The inhibitory activity of the antagonist culture filtrates was thought to be antibiotic or 
enzymatic in nature, The production of non-volatile antibiotics by (Ilrocladium virens has been 
studied extensively and has been implicated as the mechanism in the biological control of 
several soil-borne pant pathogens. Reports in the literature concerning antibiotic activity in 
culture filtrates of G. catenulatum and G. roseum, however, are rare. Brian and Hemming (1945) 
reported that G. caten, latum culture filtrates showed high antifungal activity and were "worth 
further investigation, " while Smith (1960) noted that culture filtrates of G. roseum had little 
inhibitory effect on cultures of 7hielaviopsis basicola. The action of extracellular enzymes has 
also been implicated in several biological control mechanisms. Pachenari and Dix (1980) for 
example, reported the activity of p1-3 glucanase and chitinase produced by G. roseum against 
Botrytis alhi. Such proteins could be present alongside antibiotics in antagonist culture filtrates 
and the action of lytic enzymes could affect both mycelial growth and spore germination 
through degradation of pathogen cell walls. An experiment was performed, therefore, to 
determine the relative importance of antibiotic and proteinaceous components in culture 
filtrates of G. catemilatum and G. roseum (PL I). The results suggested that, whereas mycelial 
growth of F: cnlmorum was inhibited solely by an antibiotic component, the inhibition of 
1wf. irivale by culture filtrates of Gxate, rulatum and G. roseiim (PL 1) was partially enzymatic in 
nature. Following heat treatment of (]. catenulatum and (i. roseum (PL 1) culture filtrates, their 
activity against ! Lnivale decreased by between 10 - 20%. The fact that the Glrocladi um 
antagonists were all able to degrade cellulose provided further circumstantial evidence for the 
possible involvement of enzymes in their mechanism of biological control. Throughout this 
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work it was noted that the inhibitory effect of non-volatile metabolites produced by the 
Ghoclachum isolates was greater against M. nivale than against F. culmorum. It was suggested 
that the enzymatic component present in the culture filtrate may have contributed to the greater 
sensitivity of M1 nivale. Roberts and Lumsden (1990) suggested that the importance of 
enzymatic activity in biological control systems may be magnified under field conditions. In an 
in vitro study the authors observed that enzymes in culture supernatants of G. virgins were not 
involved in inhibiting sporangial germination or hyphal growth of Pythium ultimum. The 
authors noted, however, that in soil, under conditions where low concentrations of active 
metabolites are present, enzymes could play a role in the control of P. ruItimum by degrading 
organic matter during the saprophytic growth of G. virgins, thus providing assimilable nutrients 
for the antagonist, leading to its rapid growth, sporulation and production of secondary 
metabolites. 
The primary method used in this work to assess the inhibitory activity of metabolites 
produced by antagonist was to determine their effect on the mycelial growth of each pathogen. 
Many earlier workers used bioassays which investigated the effect of antifungal metabolites on 
spore germination of a sensitive fungus. Dennis and Webster (1971 a), however, suggested that 
while such methods were fairly sensitive, antibiotic substances were possibly more important 
in inhibiting actively growing hyphae during intense competition for nutrients. Such competition 
would be most intense during the colonization of localized areas of organic debris, which would 
be when antibiotic substances were most likely to be produced in concentrations sufficient to 
affect the growth of other soil fungi. 
Further experiments were carried out to study possible reductions in pathogen inoculum 
potential by examining the effect of culture filtrates of the three G/ioc/adium antagonists on 
spore germination of the pathogen, rather than on mycelial growth. Reduction in pathogen 
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inoculum potential of this kind have been described previously where either lysis or nutrient 
competition (funýistasis) for example, have affected spore germination. In this work, conidia 
of both Fusarium culmorum and A'licrodochium nivale were extremely sensitive to the 
inhibitory metabolites, such that germination after an incubation of 24 hours was reduced by 
approximately 90%, when compared with the control treatments. This significant reduction in 
the germination of pathogen conidia when treated with culture filtrates of the Gliocladium 
isolates thus satisfied the overall aim of a biological control agent in terms of reducing the 
inoculum potential of the pathogen. Murray et al. (1986) described the inhibition of 
germination of spores of Fnsarium (Microdochium) nivale by gramicidin S, an antibiotic 
produced by Bacillus brevis. The authors noted that such a system could be a potential method 
of biological control where the germination and emergence of spores were prerequisites for 
infections. The treatment of cereal seed with either the inhibitory substance or the antagonist 
itself could prove an effective means of biological control against fungal plant pathogens. 
Environmental factors such as pH, temperature and water potential, may influence 
antibiotic production either directly or by affecting other characteristics of the organism that 
may be important in biological control such as growth rate, colonization and survival. The 
effect of pH on the antibiotic production by the three Gliocladium antagonists was examined 
and it was found that the amount of antibiotic present, as represented by the degree of 
inhibition of mycelial growth of F. culmorum and Al nivale, was affected by pH. The production 
of inhibitory metabolites by G. catenrulatum and G. roscnm (PL 1) appeared to be favoured by 
higher pH (pH 5.5 - 8.5) values, at which the growth rates of the two fungi were also maximal. 
Culture filtrates of G. roseum (IMI 040222) were most inhibitory when grown under acidic 
conditions (pH 4.0). The latter conditions did not coincide with the maximal growth rate of 
G. roseum (IMI 040222) and it was suggested that inhibitory compounds produced were not 
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stable at higher pH values. Gibbs (1967) reported that in Trichoderma species there was a high 
degree of adaptation to environment with isolates from acidic soils having their most powerful 
antibiotic effect at pH 4.0 and alkaline isolates at pH 7.0. This may suggest that G. catenulatum 
and G. roseum (PLI) were originally isolated from more alkaline soils and G. roserim (IMI 
040222) from acidic conditions. 
In order to investigate further the nature of the antibiotics produced by Gliocladium 
catenulatum and G. roseuni (PL1) which reduced both mycelial growth and spore germination 
of Fusarium culmorum and Microdochium nivale, an extraction procedure as described in 
Chapter 6 was undertaken. Although the results of the bioassay of extracts against F. culmorum 
and of subsequent thin layer chromatography (TLC) experiments were not conclusive, some 
suggestions as to the nature of the antifungal substances produced by the two Gliocladium 
isolates could be made. TLC of the ethyl acetate extracts of G. catenulatum and G. roseum 
(PL 1) culture filtrates showed that G. caten ulatum produced six bands, while G. roseum (PL 1) 
produced nine, the two antagonists had five bands with Rf values in common. Neither 
G. ccitemilatum nor G. roserim (PL 1) appeared to produce gliotoxin. The antibiotic gliotoxin had 
been isolated from G. virenu (Weindling, 1941; Wright, 1954, Roberts and Lumsden, 1990) and 
had been shown to be responsible for the inhibition of a number of soil-borne fungal pathogens. 
The work of Lumsden et al. (1992) described the characterization of the major secondary 
metabolites produced by a strain of G. virens. In the present work, two bands were produced 
by G. cakemrlatum and three by G. roseum (PL1) on TLC plates which had similar Rf values to 
those described by Lumsden et al. (1992). It was suggested that the slightly inhibitory 
compounds produced by both (;. catenulatum and G. roseum (PL 1) with Rf values of 0.32 and 
0.26 may have been viridiol and phenolic compounds respectively. The compound present in 
the culture filtrate (i. roserun (PL I) and non-inhibitory to Fculmorum (Rf 0.42) may have been 
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dimethylgliotoxin. Dunlop et al. (1989) reported the extraction of a non-volatile metabolite (Rf 
0.1 3) from a culture filtrate of 7richoderma koningii which inhibited the growth of 
Gaeumannomvices grannnrs, Fusarium oxysporum and other soil-borne fungal pathogens. It 
is possible that the compound with an identical Rf value produced by G. roseum (PL 1) which 
inhibited mycelial growth of F culmornm by approximately 30% was the same antibiotic as 
described by Dunlop et al. (1989). Only four of the total ten bands observed on the TLC plates, 
however, could be attributed to previously identified substances by reference to the Rf values. 
lt can only be surmised that the remaining six, four of which were among the most inhibitory 
compounds extracted, are either yet to be identified, that they are the result of separation of 
more complex compounds or that they were components of the liquid culture medium. 
There are no reports in the literature concerning the mechanism of action of the Finnish 
fungal isolate J76, but the outstanding control of Fusarium seedling blight symptoms displayed 
by this fungus would suggest that a very effective mode of biological control was operating in 
vivo. In vitro tests, however, suggested that antibiosis was not the primary mechanism by which 
J76 inhibited Fusarium culmorum and AIicrodochium nivale. Volatile antibiotics were 
produced by the fungus, which did significantly decrease mycelia! growth of M. nivale; growth 
of F. culmorum, however, was not affected. Culture filtrates of J76 did not affect mycelial 
growth of either F. culmorum or PvLnivale, but they did result in a moderate reduction in 
pathogen spore germination. It would appear likely, therefore, that another mechanism was 
largely involved in the antagonism displayed by J76: volatile antibiotics inhibiting solely 
MLnivale and the production of non-volatile metabolites that showed only a moderate inhibitory 
activity against spore germination, but to which pathogen mycelial growth was tolerant, would 
not account for the in vivo efficacy previously observed. 
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10.22 Nlvcoparasitism 
It was suggested that the production of inhibitory metabolites by the three Ghocladium 
isolates and by the Finnish fungal isolate, J76 was not the only mechanism of antagonism in 
operation. The control of Fusarium seedling blight disease symptoms displayed by J76 in 
particular, could not be fully explained through the action of antibiotics. A number of studies 
have examined the mycoparasitic interaction between G. roseum and G. catenulatum and various 
fungal hosts (Huang, 1978; Berry and Deacon, 1992) but detailed information about the 
interaction of the two Glioclaclium species and J76 with Fusarium culmorum and 
Microc/ochium im vile has not been reported previously. Light microscopy observation of 
the interaction of antagonist and pathogen isolates in dual culture (Chapter 3) provided 
preliminary evidence for mycoparasitism. The scanning electron microscope study (Chapter 7) 
confirmed these observations and clearly demonstrated that G. cateinilatzim, G. roseum (isolates 
IMI 04022-7 and PL 1) and J76 were very effective mycoparasites of E culmorum and Al nivale. 
All four antagonists displayed a similar mode of mycoparasitism against both pathogen species. 
Hyphae and hyphal branches of antagonist appeared in many cases to show definite attraction 
toward the pathogen. The occurrence of tropic growth has been reported in several host- 
mycoparasite relationships and Huang, (1978) for example, suggested that interaction between 
G. catenulanim and a range of fungal pathogens was based on positive chemotropism. Each 
antagonist formed short hyphal branches which clasped tightly around the pathogen hyphae at 
regular intervals. Such branches may serve to establish a close contact between antagonist and 
pathogen hyphae, so increasing the effectiveness of any enzymes produced by the antagonist 
for destruction of the host. Pachenari and Dix (1980) noted that the close contact between 
mycelia necessary before any harmful effects on the host were noticed, was a general feature 
of necrotrophic mycoparasites. Hyphal tips of G. catenrrlatlim and G. rosezrm (IMI 040222 and 
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PL 1) were occasionally observed to swell on contact with the pathogen to form appressoria- 
like structures. The formation of such structures has been recorded previously in several 
members of the (Jliocladium genus. Tu and Vaartaja (1981) noted that G. virens formed 
appressoria on contact with Rhizoctoizia solani and swelling of hyphal tips of G. catenulatum 
was recorded on Sclerotinia sclerotiorum and several Fusarium species. The role of such 
structures is not fully understood but they may function as holdfasts to ensure a firm contact 
with host cells or they may indicate points of antagonist penetration of the host. It was not clear 
from the present study, whether the Gliocladium isolates or J76 penetrated into F: culmorum 
or M. nivale hyphae. Slight depressions in pathogens cell walls, however, were visible where 
antagonist and pathogen hyphae made contact, and these were similar to the depressions 
described by Huang and Hoes (1976) on penetration of £sclerotiorum by Coniothyrium 
minitans The disintegration of pathogen cell walls shown in the scanning electron microscope 
study indicated that cell wall degrading enzymes could be released by the antagonist on contact 
with F. culmorum or Al. invale. 
The studies into the in vitro mode of action of the three Gliocladium isolates, therefore, 
suggested that each behaved in a similar manner against both Fusarium culmorurm and 
Microdochüim nivule. Antibiotics were produced which inhibited both mycelial growth and 
spore germination of the pathogens and mycoparasitism resulted in the death of pathogen cell 
by direct hyphal contact which caused localised disintegration of the host, probably by 
enzymatic attack. The two apparent modes of antagonism involved i. e. antibiosis and 
mycoparasitism could complement each other. Pachenari and Dix (1980) suggested that the 
primary stage of attack of a necrotrophic mycoparasite might be the antagonism of the host by 
production of metabolic poisons, in the form of toxins or antibiotics, which was then followed 
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by enzymatic attack. The mode of J76 appeared to be largely mycoparasitic with only very 
slight antibiotic production being observed. 
10.3 Environmental factors affecting the efficacy of biological control agents 
Environmental factors such as temperature, pH and water potential may influence the 
antagonistic properties of a biological control agent, as well as affecting other important 
characteristics of the organism such as growth rate, colonization and survival. The operation 
of more than one mode of action is often implicated in biological control systems and 
environmental factors may be important in determining which mechanism is dominant. Such 
factors may also have a considerable effect on pathogen virulence. Analysis of the complex 
interaction between environmental factors, the pathogen, the biological control agent and the 
mechanisms of action, therefore, not only increases the basic understanding of biological 
control, but also provides information which may be valuable in enhancing the performance of 
biological control agents. 
The ability of antagonists to survive and remain active at low soil temperatures was 
thought to be an important prerequisite for a biological control agent against Fusarium seedling 
blight. The cold temperatures, often experienced at or shortly after winter wheat seed is drilled 
in the UK, are especially conducive to disease caused by Microclochium nivale (Colhoun, 1970) 
and biological control agents would have to be at their most active, therefore, at temperatures 
between 0'- 1 O° C which are prevalent when emerging seedlings are most prone to pathogen 
attack. An in vivo controlled environment experiment which investigated the effect of 
temperature on the efficacy of Gliocladium catenulatum, G. roseum (isolates IMI 040222 and 
PL I) and J76 in controlling disease severity showed a varied response against the two 
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pathogens. Against Fu. tiarium culmorum for example, only the Finnish fungal isolate J76, 
showed a degree of disease control comparable with that of the chemical seed treatment Beret 
(fenpicloniUfludioxonil) at all four temperatures (6,8,10,12°C). Of the Gliocladium isolates 
(I. catemilatum and G. roseum (PL 1) only gave reasonable control of F culmorrrm at 12'C, the 
temperature at which however, disease caused by Fculmorum was most severe. All biological 
seed treatments were considerably more effective against tvLnivale, and J76 and G. catentilatrim 
gave control comparable with that of Beret at temperatures of 8°C and above. At 6°C, 
however, none of the biological control treatments were very effective. This work 
demonstrated that the activity of antagonists at low soil temperatures is an important factor to 
consider in the selection of an effective biological control agent for Fusarium seedling blight. 
While J76 and Gxatenu/utum displayed relatively good efficacy at temperatures of 8°C and 
above, neither isolate of G. roseiim tested was very effective in the control of stem base 
browning symptoms at these temperatures. 
It is interesting to note that, whereas the control of disease severity exhibited by the 
three Gliocladium isolates and J76 was relatively similar at 12°C, at lower temperatures J76, 
the antagonist thought to operate largely by mycoparasitism, was the most effective organism. 
The Glroclaiium isolates were believed to inhibit F. culmorum and M., iivale partly by 
mycoparasitism and partly by antibiosis and it is possible that the antibiotic producing activity 
of these isolates was decreased by the low temperatures thus making them less effective. 
A second environmental factor which could influence the efficacy of biological control 
agents is water availability. Campbell (1990) stated that "if the pathogen can ; row at either 
higher or lower water levels than the control a<zent, then control will break down. " It would be 
of interest to test the efficacy of antagonists under a range of soil moisture levels. Fculmorum 
in particular, is able to grow under very dry conditions and causes most disease in dry soil 
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(Cook and Papendick, 1972). Under normal environmental conditions in the UK, however, 
seedling emergence and establishment should not occur under drought stress and thus, the 
survival of a potential antagonist in very dry soil was not thought to be a prerequisite of a 
biological control agent for seedling blight. The effect of soil water potential on the virulence 
of F. crr/morum would be more important when considering the biological control of Fusarium 
foot rot or ear blight when conditions, in the summer months, are likely to be drier. 
10.4 Field potential of J76, Gliocladium catenulatum and two isolates of G. roseum as 
biological control agents of Fusarium seedling blight 
The semi-field experiment performed (Chapter 9) gave very promising results for the 
field control of Fusarium seedling blight by Gliocladium catemilatum, G. roseum (IMI 04022 
and PL I) and J76. The biological control agents were 0 effective in controlling pre-emergence 
death of seedlings and reducing post-emergence damping-off and, particularly against 
Mficrodochium nivale, control of seedling disease was comparable with that displayed by the 
chemical treatments, Baytan and Beret. Although winter wheat plants were not grown in field 
soil, the growing conditions simulated as closely as possible that of a field crop: plants were 
subjected to the prevailing environmental conditions and the antagonist organisms had to 
compete with the resident, albeit relatively restricted, microflora. 
The ability of each of the four antagonist isolates to inhibit growth of Fculmorum and 
Nl. nivale over a range of irr vitro conditions, and the significant control of disease severity 
under controlled environment and semi-field conditions infer that G. catenulatum, G. roseum 
(IMI 040_22 and PL 1) and J76 have considerable biological control potential. The biological 
control of seed and seedling diseases is a realistic proposition. Protection, in most cases, is only 
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required for a short time, perhaps as little as one or two weeks, until seedlings mature enough 
to have defences against opportunistic pathogens, survival and multiplication of the antagonist 
should not be a problem. The application of antagonist inoculum directly onto the seed, as used 
in this work, appeared very effective. The antagonist was applied directly to the target site and 
it would be a relatively easy operation to scale up with existing seed coating technology. A 
biological control preparation containing the antagonist would possibly have greatest effect on 
the pathogen if applied or formulated under conditions most favourable for growth and 
antibiotic production. It may be possible that the secondary metabolites produced by 
G. catemi/atum and G. roseum (PL1) could be formulated as a seed treatment which could arrest 
spore germination and mycelial growth of the pathogen on the seed surface itself and to prevent 
infection via soil-borne inoculum. It was observed, however, that the antagonism expressed by 
the 6liocladium isolates involved mycoparasitism as well as antibiosis and it may be 
advantageous, therefore, for the fungal antagonists themselves to be present in a biological 
control preparation, so that the two modes of action could complement each other, perhaps 
conferring increased protection. Control by J76 appeared to be largely mycoparasitic in nature 
and, therefore, this isolate should be applied to seed as a formulation based on fungal spores 
and mycelium. 
A preparation based on mixtures of the four antagonist isolates used in this work could 
control pathogenic fungi more effectively than the use of a single isolate alone. The temperature 
and pH requirements for activity of the four antagonists against F. culmorum and M. nivale were 
slightly different and thus a mixed-isolate formulation could give more consistent control over 
a greater range of environmental and growing conditions and be more successful in field 
control. Further research would be necessary to investigate the real potential of such 
formulations. Deacon (1994) questioned whether a mixture of seed-applied strains would be 
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mutually cancelling so that none would proliferate enough to give control. 
The potential for the integration of biological and chemical control by the use of 
fungicide resistant biological control microorganisms has been investigated. Abir (1988) tested 
forty pesticides in vitro for their effect on mycelial growth and spore germination of 
"Irichoclerma hcrr: iu, nim and found resistance was prevalent. Similarly, Papavizas et a!. (1982) 
produced a number of apparent mutants of T. harzianum resistant to benomyl and other 
fungicides. Such beneficial combinations with fungicides either for synergistic effects or for a 
broader spectrum of activity could be possible with Gliocladium species. 
In their book on biological control, Baker and Cook (1974) stated " there can thus be 
no single biological control of Fusarium (including Microdochium nivale) on cereals, since one 
effective against soil- or seed-borne infections may not work against an above ground 
epiphytotic, nor will a control effective against soil-borne chlamydospore inoculum necessarily 
work against water-splash or aerial conidia or ascospores. " The control of the whole range of 
diseases caused by the cereal Fusarium pathogens (and M. nivale) at different stages of crop 
development (i. e. seedling blight, foot rot and ear blight) by a single biological control 
preparation does not appear likely. The three stages of disease involve different sites of 
infection, different sources of inoculum and different environmental conditions and as yet, no 
all-encompassing Fusarium disease chemical control method exists. In the present work single 
antagonist strains of two different fungal species applied as seed treatments did give very 
effective control of the target stage, i. e. seedling blight, and thus the main aim of the project 
was satisfied. Disease assessment of the plants in the outdoor trial (Chapter 9) was continued 
throughout the growing season. None of the seed treatments tested, biological or chemical, 
appeared to control the development of Fusarium foot rot but at harvest, yield increases over 
the control treatments were observed and the best biologicals yielded as well as the two 
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chemical seed treatments. It is perhaps possible that with the development of integrated control 
methods, a formulation with both chemical and biological components could be designed which 
would give wheat plants effective protection against the Fusarium pathogens at all stages of 
crop development. 
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Suggestions for further study 
The three (; liocluc/ium isolates studied, were observed to inhibit Fusarium culmorum 
and Micr'x/ochium nivale by two main mechanisms of action i. e. antibiosis and mycoparasitism. 
Further work is required to examine the relative importance and effect of these mechanisms 
under natural conditions and to investigate whether different environmental conditions have an 
effect on which of the two mechanisms predominates. The identification of all the UV light 
visible bands shown by TLC of the Gliocladrum catemulcztiim and G. roseum (PL1) liquid 
culture extracts is required. Several of the bands showed some inhibition of mycelial growth 
of F. culmorum during bioassay. It would also be of interest to test the activity of liquid culture 
extracts In viva for their effect on the development of Fusarium seedling blight symptoms; such 
a test would confirm whether the extraction of active compounds had been successful. A 
microscopic study of the histological effects the antibiotics produced by the three Gliocladium 
species have on hyphae and spores of F culmorum and M. nivale is also warranted. Further 
work on the mycoparasitic action of the antagonist fungi, particularly J76, should be 
undertaken. Such work could investigate for example, the nature of cell wall degrading 
enzymes produced by the antagonist and could confirm whether antagonist hyphae can 
penetrate within those of the pathogen. 
The rhizosphere competence of antagonist isolates and the mode of application of 
biological control agents requires further study. It was observed from the results of the outdoor 
trial that several of the biological seed treatments were more effective in the control of pre- 
emergence damping-off of seedlings than in the control of the severity of stem base browning 
symptoms at Growth stage 12. It is, therefore, important to examine the rhizosphere 
competence of the four antagonist isolates and their ability to survive and proliferate in the soil. 
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Tveit and Wood (1955) reported that the effectiveness of biological control of Fusarium 
seedling blight in oats by ('hcretomium cochliodes depended on the mode of application of the 
biological control agent. Lewis and Papavizas (1991) working on the biological control of 
damping-off of cotton by RhizoclonEa solani, also noted that different preparations of the 
control agents (1 rich(xlerma species and Gliocladirrm virens) gave different degrees of control. 
They observed that a bran/germling preparation (actively growing hyphae on bran) of 
antagonist fungus was the most effective preparation: it consistently prevented disease, reduced 
saprophytic activity of pathogen and stimulated proliferation of populations of the biocontrol 
fungus. A study of different methods of application of four biological isolates is, therefore, 
required in order to design a preparation that is both easy to apply and that would give the 
antagonist a competitive advantage in soil over the resident microflora to survive, proliferate 
and spread rapidly from the site of application to protect the coleoptile as it emerged from the 
seed case and to protect the young shoot tissues. 
The experiments conducted in this work only examined the biological control of 
seedling blight arising from an artificial infection of seed. Millar and Colhoun (1969b) reported 
that biological control of M. nivale on wheat by the soil microflora was demonstrated with 
inoculated seed but not with naturally contaminated seed. It is, therefore, important that 
biological control of a natural seed infection of F. culmorum and M. nivale by the four isolates 
is verified. 
In the outdoor trials performed, wheat was grown in large plastic trays in non-sterile 
compost. It is necessary that the control of seedling blight observed under these conditions is 
also seen when wheat is grown under true field conditions. Field trials must, therefore, be 
conducted. 
Deacon (I994) noted that "Inconsistency is inevitable if single clonal biocontrol strains 
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are expected to compete with the panoply of indigenous microbes in different sites and 
seasons. " Each of the four isolates has displayed good activity in the biological control of 
Fusarium seedling blight when acting alone. It would be interesting to investigate whether when 
two or more biological control agents are applied together control is increased. Application of 
a range of biological control agents could give a broader spectrum of activity against several 
seedling disease pathogens. 
The dual application of biological control agents and chemicals to control plant disease 
could have it number of advantages In such a strategy, the concentration of chemicals used 
could be reduced, resistance of pathogens to the chemical treatments would be less likely to 
build up and a broader spectrum of plant pathogens could be controlled. An investigation into 
the compatibility of the biocontrol agents with fungicide seed treatments is, therefore, 
proposed. 
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APPENDIX 1 
Table 3.2. Percentage inhibition of radial growth of Fusarium culmorum and Microdochium nivale in dual 
culture with fungal antagonists on potato dextrose agar (PDA), tap water agar (TWA), soil extract agar (SEA) 
and milled wheat agar (MWA). Mean values of five replicates are recorded, together with the standard error 
of the mean (SEM). 
Antagonist Pathogen Percentage Inhibition f SEM 
PDA TWA SEA MWA 
Fusarium culmorum F. culmorum NT' NT NT NT 
M. nivale 38±7.3 32±8.2 48±11.37 26±4.6 
Microdochium nivale F. culmorum 0±0 0±0 0±0 0±0 
M. nivale NT NT NT NT 
Fusarium avenaceum F. culmorum 0±0 7±4.3 0±0 0±0 
M. nivale 0±0 31±5.4 37±7.6 0±0 
Trichoderma harzianum F. culmorum 0±0 7±5.4 0±0 4±2.1 
M. nivale 0±0 15±7.6 49±10.2 0±0 
T. koningii F. culmorum 36±8.3 40±7.3 0±0 64±10.0 
M. nivale 51±6.3 16±9.4 59±7.7 72±9.1 
T. piluliferum F. culmorum 0±0 35±7.4 57±19.2 0±0 
M. nivale 46±5.5 47±14.5 60±19.2 18±5.9 
T. polysporum F. culmorum 24±8.3 0±0 45±5.5 4±1.2 
M. nivale 28±12.6 7±2.3 68±8.7 30±12.6 
T. viride F. culmorum 21±8.8 7±2.5 20±8.2 74±2.7 
M. nivale 57±9.1 20±7.4 69±7.5 85±8.6 
Gliocladium rose um F. culmorum 0±0 0±0 0±0 0±0 
(IMI 040222) 
M. nivale 125±20.1 0±0 0±0 132±38.4 
G. catenulatum F. culmorum 0±0 0±0 0±0 0±0 
M. nivale 154±23.4 0±0 6±3.4 154±26.7 
Idriella bolleyi F. culmorum 0±0 0±0 8±4.1 0±0 
M. nivale 0±0 4±3.2 28±11.1 0±0 
Chaetomium globosum F. culmorum 0±0 7±4.2 
,_ 
59±8.8 0±0 
M. nivale 0±0 1±0 20±8.6 1±0 
Pythium oligandrum F. culmorum 0±0 25±12.1 12±4.2 0±0 
M. nivale 5±0 47+12.6 22+10.5 8±5.7 
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Antagonist Pathogen Percentage Inhibition t SEM 
PDA TWA SEA MWA 
K61 F. culmorum 0±0 27±8.3 3±1.8 6±4.1 
M. nivale 4±3.1 72±28.3 32±5.4 18±7.2 
GL-21 F. culmorum 39±5.9 33+0 41±7.3 25±4.9 
M. nivale 45±5.8 65±19.0 45±9.6 27±8.6 
J76 F. culmorum 0±0 0±0 0±0 0±0 
M. nivale 136±29.5 0±0 0±0 125±29.2 
M1 F. culmorum 0±0 0±0 0±0 0±0 
M. nivale 37±11.4 0±0 29±7.7 0±0 
MH2 F. culmorum 1±0 0±0 0±0 0±0 
M. nivale 38±8.3 0±0 0±0 0±0 
TMI F. culmorum 24±8.1 15±7.4 1914.8 46±18.3 
M. nivale 43±13.7 0±0 24±6.7 35±8.0 
TM2 F. culmorum 17±5.9 0±0 0±0 0±0 
M. nivale 31±8.0 01-0 24±8.6 38±14.2 
TM3 F. culmorum 34±4.6 0±0 5±2.5 17±8.6 
M. nivale 39±5.9 0±0 15±5.9 18±8.3 
TM4 F. culmorum 3±2.1 9±4.7 0±0 0±0 
M. nivale 43±12.0 11±6.6 133-4.0 0±0 
TM5 F. culmorum 101±33.3 0±0 0±0 26±5.8 
M. nivale 25±5.5 0±0 24±0 65±11.1 
TM6 F. culmorum 0±0 0±0 18±4.0 8±6.3 
M. nivale 33±4.6 0±0 0±0 0±0 
TM7 F. culmorum 0±0 0±0 7±0 0±0 
M. nivale 32±14.8 0±0 0±0 0±0 
G. roseum (PL1) F. culmorum 0±0 0±0 0±0 0±0 
M. nivale 0±0 3±1.8 10±4.5 0±0 
' NT, not tested; K61= Streptomyces griseoviridis ("Mycostop"); GL-21= ; MH1, MH2, TMI - TM7 = fugal 
isolates from wheat seed and seedlings. 
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APPENDIX 2 
Table 3.7. Percentage inhibition of radial growth of Fusarium culmorum and Microdochium nivale by 
bacterial isolates when grown in dual culture on potato dextrose agar (PDA), tap water agar (TWA), soil 
extract agar (SEA), milled wheat agar (MWA) and nutrient agar (NA). Mean values of 5 replicates are 
recorded, together with the standard error of the mean (SEM). 
Antagonist Pathogen Percentage Inhibition of Pathogen ± SEM 
PDA TWA SEA MWA NA 
Bacillus brevis F. culmorum 20±5.9 0±0 2±1.4 0±0 2±1.1 
M. nivale 9±3.2 1±0 3±2.3 13±5.6 0±0 
Erwinia herbicola F. culmorum 38±6.3 5±2.0 5±0.6 4±0 5±3.2 
M. nivale 47±5.3 17±6.2 6±2.1 0±0 15±9.7 
Pseudomonas F. culmorum 3±2.0 22±7.6 0±0 3±2.5 17±3.6 
corrugata 
M. nivale 23±4.6 10±1.7 0±0 3±1.2 9±4.6 
BL1' F. culmorum 0±0 2±0 0±0 7±4.3 3±1.3 
M. nivale 5±2.1 2±2.1 0±0 0±0 5±3.1 
BL2 F. culmorum 59±7.3 27±8.8 30±9.5 50±7.0 41±3.0 
M. nivale 39±6.5 1±0 31±11.5 64±6.8 36±1.7 
BL3 F. culmorum 37±5.4 20±6.8 5±0.8 4±1.0 33±2.1 
M. nivale 31±5.1 9±2.6 13±4.2 4±2.8 3±2.8 
' BLl -BL3 = unidentified bacterial isolates from wheat stem bases. 
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APPENDIX 3 
Table 3.8. Width of zone of inhibition (mm) formed when bacterial antagonists were plated in dual culture 
with Fusarium culmorum and Microdochium nivale on potato dextrose agar (PDA), tap water agar (TWA), 
soil extract agar (SEA), milled wheat agar (MWA) and nutrient agar (NA). Mean values of 5 replicates are 
recorded, together with the standard error of the mean (SEM). 
Antagonist Pathogen Width of inhibition zone (mm) ± SEM 
PDA TWA SEA MWA NA 
Bacillus brevis F. culmorum 9±0.9 7±0.5 8±1.0 2±0.8 0±0 
M. nivale 5±3.5 5±3.5 12±1.4 2±1.2 18±7.2 
Erwinia herbicola F. culmorum 14±1.2 8±0.8 6±2.5 1±0.5 7±3.7 
M. nivale 3±2.9 11±5.5 6±2.1 0±0 10±2.8 
Pseudomonas F. culmorum 1±0.9 0±0 0±0 4±0.8 0±0 
corrugata 
M. nivale 4±1.0 2±1.0 0±0 1±0.1 0±0 
BL I' F. culmorum 2±1.2 0±0 0±0 3±0.9 0±0 
M. nivale 2±2 0±0 0±0 0±0 2±1.0 
BL2 F. culmorum 5±3.2 12±2.4 12±0.5 14±0.5 4±0.8 
M. nivale 4±1.0 9±3.1 14+0 15±5.3 9±4.0 
BL3 F. culmorum 12±1.7 13±0.9 8±0.5 3±0.8 1±0 
M. nivale 11±0.6 4±1.7 14±2.8 0±0 5±2.5 
BLl - BL3 = Unidentified bacterial isolates from wheat stem bases. 
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